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ABSTRACT 
 II 
Abstract  
Voltage control in distribution networks is becoming more challenging due to the 
growing amount of distributed generation that is being connected to the distribution 
networks in addition to increasing load.  The output of the distributed generation can 
radically change power flows and voltage profiles in distribution networks, creating 
conditions that adversely affect the performance of automatic voltage control schemes 
and in addition cause unacceptable voltage rise. On the other hand, inherent limitations 
and current operational policies of AVC schemes very often restrict the output of DG 
or even prevent its connection.  
This thesis investigates and analyses voltage control in terms of the shift from passive 
to active distribution networks. The thesis also reviews the performance of AVC 
schemes under varying load and generation output conditions, investigates effective 
utilisation of distribution network assets and methods to accommodate active voltage 
control schemes into existing infrastructure. A range of active voltage control and 
management schemes based on coordinated voltage control is presented and assessed. 
These schemes can be used to improve the voltage profile in distribution networks and 
increase their ability to accommodate distributed generation. The functionality of each 
scheme is assessed based on a number of factors such as the ability of the scheme to 
increase network capacity, reliability and accuracy. 
Simulation software to accurately evaluate the performance of an active voltage 
control scheme in a particular distribution network scenario is essential before the 
scheme can be deployed. Formal assessment of advanced AVC models and 
SuperTAPP n+ functionality is performed using simulation software as developed and 
presented in this thesis. The accuracy of the software results and performance of the 
SuperTAPP n+ scheme is validated based on network trials carried out in EDF Energy 
Networks.  
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Chapter I - Introduction 
1.1. Growth and Accommodation of Distributed Generation.  
 
In recent years new approaches to the generation of electrical power have been adopted 
across the electricity industry. Such new approaches are specifically concerned with 
environmentally sustainable, reliable and affordable energy sources such that global 
energy policies support the generation of electrical power from wind, solar, marine, 
biomass, energy from waste, CHP as well as other sustainable means. In contrast to 
conventional fossil fuel generation plant these resources can be much smaller in 
capacity but greater in number and highly dispersed. As a consequence it must be cost-
effective to connect these energy resources into distribution networks at both medium 
and low voltage levels [1].  
 
In 1997 the total capacity of distributed generation (DG) installed in the UK was 
approximately 1.3 GW [2]. The impact of UK government policy since 1997 is evident 
by a steady increase in the amount of DG connected to distribution networks and an 
increase in the proportion of DG to the total installed generation capacity. At present, 
installed DG capacity is approximately 13 GW [2]. Future UK electrical power 
generation scenarios predict that by 2050 installed DG capacity may reach 40 GW, 
accounting for 50% of total installed capacity in the UK. Depending on future 
developments in electrical power generation and government policy, renewable 
generation may account for 30 % of total generation in a ‘business as usual’ scenario, 
50 % in a ‘strong optimism’ scenario and up to 80% in a ‘green’ scenario [3],[4]. 
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Therefore, it is reasonable to assume that a substantial amount of renewable generation 
will inevitably be connected to distribution networks in the future. 
 
Technical and commercial challenges associated with the connection of DG into 
distribution networks have been recognised by both distribution network operators 
(DNOs) and the government regulator for the electricity networks, the Office of Gas 
and Electricity Markets (Ofgem).  
 
To facilitate connection of DG in an efficient and cost effective way, Ofgem has 
introduced a number of incentive mechanisms such as the distributed generation 
incentive scheme, the innovation funding incentive (IFI) and the registered power 
zones (RPZ) [5]. The main objective of these schemes is to encourage DNOs to 
develop and implement technical innovations that provide a cost-effective connection 
of DG, improve the utilisation of existing distribution networks, promote flexible and 
efficient operation, increase security of supply and provide environmental and safety 
benefits [6]. 
 
1.2. Background and Objectives of the Thesis  
 
With the growth of DG in distribution networks, DNOs are faced with many 
challenges in design, control and operation of their systems. Voltage control issues 
were identified as the main factor preventing the DG integration into distribution 
networks [7], [8]. An unacceptable voltage rise at the point of common coupling 
(PCC) and the performance of the automatic voltage control (AVC) schemes are often 
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the limiting factors in the amount of generation that can be connected to the 
distribution network.  
 
Standard practices for overcoming the voltage rise issue while accommodating DG 
into distribution networks are based on passive solutions such as network 
reinforcement and do not provide a cost effective solution for generators, DNOs or 
consumers [8]. Active voltage management can be the most cost effective solution in 
order to ease the constraints applied to the generator export capacity caused by static 
voltage regulation. A number of active network management (ANM) solutions for 
voltage control have been proposed [8], [9]. Many of these technologies are already 
available and have been implemented in trial installations across UK distribution 
networks [6].   
 
However, due to a lack of expertise and confidence, such new technologies are not 
commonly used and on the UK distribution networks and where they are deployed, the 
functionality is not fully exploited. ANM schemes are often depicted as 
overcomplicated and as a consequences simpler established solutions are used instead 
[9]. Additionally, the presence of DG significantly changes the power flow in 
distribution networks and can compromise the operation of AVC schemes.  
 
The main aim of this thesis is to propose strategies and techniques for DNOs in order 
to increase flexibility and efficiency of their networks while enabling the connection of 
DG.  
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Another aim of this thesis is to analyse the effect of DG on existing voltage control 
schemes. This may be achieved by the development of computational models for AVC 
schemes and associated simulation software that enables comprehensive analysis of 
performance of AVC schemes in distribution networks with DG. As both AVC and on-
load tap-changer (OLTC) schemes are essential for active voltage control, accurate 
modelling of both is a necessity.  
 
ANM schemes can offer robust control of the system voltage and can support an 
increased amount of generation, but such schemes necessitate more complex 
infrastructure, sophisticated algorithms and the requirements of continuous and reliable 
communication. Therefore simpler but similarly efficient solutions also need to be 
investigated. The objective of the thesis is to analyse voltage control schemes based on 
local measurements and investigate its performance in distribution networks. 
Additionally, consideration of the implementation of active voltage control techniques 
into an existing distribution networks infrastructure is considered. 
 
Due to a lack of measurements, the observability of distribution networks is very low, 
particularly on the 11kV system. Therefore it is difficult to precisely evaluate the 
voltage profile on the network and estimate the available voltage headroom that can be 
utilised by an active voltage control scheme. The provision of simulation software that 
enables distribution planning engineers to correctly assess the voltage profile, and as a 
result fully exploit the functionality of the active methods, is another objective of this 
thesis.  
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1.3. Outline of Thesis 
 
This introduction has outlined the background for this thesis. The remaining chapters 
are organised as follows: 
 
Chapter II briefly describes the purpose of the electricity system, classification and 
attributes of various voltage levels in the UK. It also highlights the differences between 
the distribution and transmission electricity systems and discusses the effect these 
differences have on design, operation and control. Furthermore, the main 
characteristics of distribution networks are examined and the factors that affected 
development of these systems are discussed. Existing design and operation regimes as 
well as management and control schemes in distribution networks such as supervisory 
control and data acquisition (SCADA) and distribution management system (DMS) 
tool are described. This chapter concludes with an outline of the challenges for the 
DNOs regarding the control and management of their systems increasing amount of 
DG connections in their networks. The control of voltage is identified as one of the key 
problems while connecting DG into the distribution network.    
 
Chapter III focuses on voltage control issues in the distribution network. Firstly, 
theoretical analysis of voltage management in the power system is discussed and 
resulting design and operating principles for a distribution network are given. Then the 
statutory voltage limits for various voltage levels of the UK power system are stated. 
Standard techniques and equipment employed by the DNOs in order to comply with 
the statutory limits under varying load conditions and network characteristics are 
discussed in detail. AVC scheme principles and functionality are presented. 
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Operational methods and common settings for the AVC scheme operated at a fixed 
voltage target as well as with load drop compensation (LDC) are specified. 
Additionally, conditions for parallel transformer operation and requirements for the 
AVC scheme to maintain the desired voltage level at the substation busbars while 
minimising circulating current between transformers are discussed. AVC control of 
paralleled transformers based on compounding voltage bias is also demonstrated.  
 
In chapter IV the modelling and simulation of AVC schemes is presented. The 
general model of the AVC scheme is introduced and the principles of the most 
commonly used AVC schemes in UK distribution networks are analysed. Then 
computational models of these schemes and their implementation into load flow 
software are described. Performance of the AVC schemes under various load and 
generation output conditions in distribution networks are investigated by the use of the 
simulation software and corresponding results are presented. Factors affecting the 
operation of the schemes are examined and the errors are evaluated. Furthermore, the 
advantages and disadvantages of each scheme and any limitations in distribution 
networks with DG are discussed. Finally, a summary and comparison of AVC schemes 
and computational models that have been proposed and developed in this chapter are 
presented.  
 
Chapter V presents a detailed investigation of voltage control issues in distribution 
networks with DG. It also reviews existing and newly proposed techniques to improve 
voltage management and support DG in distribution networks. Passive solutions, LDC 
utilisation, generator reactive power control and active schemes are examined and 
evaluated. Three main categories of coordinated vol
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kV networks are proposed. The challenges and benefits of active network management 
techniques in distribution networks are then presented. A novel technique to assess 
operational voltage limits for these schemes is proposed. Implementation of the active 
voltage control management within existing infrastructure is presented and limitations 
are identified.   
 
Chapter VI presents a novel active voltage control solution based on the SuperTAPP 
n+ scheme. The principles of operation are discussed and characteristics and factors 
affecting the performance of the scheme are investigated. The SuperTAPP n+ scheme 
uses local feeder current measurements and the load share between the feeders to 
assess the generator export connected at the remote point on the network. Additionally, 
two new methods to estimate generator output using local measurements are proposed. 
The first method is based on a dynamic load ratio technique and the second is based on 
assumed constant power factors of load and generation. The consistency and accuracy 
of all three estimation algorithms is investigated using an offline simulation approach 
based on network measurements. Suitability, advantages and disadvantages of each 
algorithm are then discussed. Furthermore, the chapter describes the M-OCEPS 
simulation tool which has been developed for voltage analysis in distribution networks 
with DG and a corresponding assessment of the SuperTAPP n+ scheme functionality 
in a particular system. New algorithms for load distribution and voltage profile 
evaluation on the feeders are proposed and implemented into M-OCEPS. The precision 
and certainty of the voltage profiles obtained from the simulation are analysed using 
the probability density function (PDF) and Monte Carlo simulation. Finally, a novel 
voltage control scheme based on voltage drop factors is demonstrated. 
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Chapter VII details a SuperTAPP n+ field trial in EDF Energy Networks. The 
characteristics of the network, installation of the scheme and its performance are 
discussed. The results from the field trial are then used to validate the functionality of 
the assessment software M-OCEPS. Consequently, the voltage profile estimation 
results are compared with the real network measurements and hence the M-OCEPS 
algorithms and computational models are verified. Using the SuperTAPP n+ 
simulation tool, optimum settings for the scheme are obtained and the effectiveness 
analysed.  
 
Chapter VIII presents a comparison of the coordinated voltage control schemes that 
are discussed in previous chapters. Firstly, another active voltage control trial in EDF 
Energy Networks based on a local voltage controller is presented. The GenAVC 
scheme, including installation and assessment tool are briefly described. Using 
simulation tools, two case studies based on the SuperTAPP n+ and GenAVC field 
trials are examined. The efficiency of the schemes based on the SuperTAPP n+ 
platform and the local voltage controller in various configurations with a number of 
remote terminal units (RTUs) is investigated and the results presented. The 
application, communication requirements, technical issues and installation of the 
schemes in existing distribution networks is discussed.   
 
Chapter IX concludes the thesis. It summarises the main research and studies 
presented in this thesis and makes proposals for future research and development. 
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1.4. Summary of the Research Contribution  
 
The summary of the original contribution to knowledge derived from the individual 
work by the author of this thesis is presented in this section. 
 
1) Computational models of AVC schemes such as negative reactance 
compounding, true circulating current, transformer automation paralleling package 
(TAPP) and the Enhanced TAPP (ETAPP) scheme have been developed and 
implemented into OCEPS software. It has been demonstrated that a number of factors 
such as DG export, varying power factor and load can affect the performance of a 
voltage control scheme. The AVC models in the steady state analysis allow an 
evaluation of the functionality of these schemes under various load and generation 
conditions on the network. They also enable precise analysis of an effect of the 
changes in AVC settings such as voltage target, relay bandwidth, LDC and 
compounding on the voltage profile on the network, operation of OLTC, losses caused 
by circulating current, number of tap change operations, etc.  
 
2) An efficient simulation software tool for analysis of active management of 
voltage in distribution network with DG has been developed. M-OCEPS software 
enables the user to combine historical SCADA data and a network model in order to 
investigate the voltage profile on a network and gives an evaluation of the available 
voltage headroom that can be created by use of an active voltage control scheme. A 
new load modelling method for pseudo-measurements in distribution networks has 
been developed and implemented in M-OCEPS. This method is based on feeder load 
scaling according to the feeder measurements and uncertainty factors for load at 
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distribution substations. The algorithm has been designed to optimise the use of 
available information from the DNO’s databases and network data in order to provide 
accurate voltage profile estimation on a feeder.  
 
3) A detailed computational model of the SuperTAPP n+ scheme has been 
developed and implemented within M-OCEPS. This provides simulation software that 
enables an assessment of an improved voltage profile and quantifies the benefits of the 
scheme when DG is to be connected. Additionally, it assists with optimal selection of 
the SuperTAPP n+ settings for a particular network application.  The simulation 
software has been validated using data from real network trials and has been proved to 
provide accurate and consistent results. Two novel methods to estimate generator 
output based on local feeder current measurements have been proposed. These 
algorithm techniques offer an alternative estimation technique for the SuperTAPP n+ 
scheme. Depending on network characteristics, generator operation regimes, the power 
factor on the network and load distribution, one of the three estimation techniques can 
offer more accurate and consistent estimation of the generator export. As a result, 
improved performance of the SuperTAPP n+ scheme can be achieved and utilisation of 
the network increased.  
 
4)  Evaluation of operational voltage limits for active voltage control schemes in 
distribution networks with DG has been carried out and recommendations for DNOs’ 
voltage control strategies have been presented. Existing distribution network 
infrastructure, AVC schemes and operational methods have been taken into 
consideration while determining the limits for the active voltage control. 
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5) Functionality of coordinated active voltage management schemes has been 
investigated in realistic network scenarios and comparison results are presented. The 
effectiveness of the advanced AVC scheme and local voltage controller in terms of the 
ability to support DG export has been assessed. Factors such as implementation into 
existing infrastructure, communication requirements and implementation costs have 
been discussed.  Additionally, a novel active voltage control scheme based on feeder 
measurements and voltage drop factors has been proposed. The simplicity of the 
scheme does not require a powerful computation effort and can be implemented into 
the existing SuperTAPP n+ platform. It offers significant improvement on the network 
with irregular load distribution between the feeders and allows simple accommodation 
of RTU measurements. M-OCEPS software can be used to determine settings for the 
scheme and optimise its performance. 
  
1.5. List of Publications 
 
The following is the list of publications arising from this thesis: 
[1] M. Fila, G.A Taylor, J. Hiscock, “Systematic modelling and analysis of TAPP 
voltage control schemes”, UPEC 2007, Brighton, UK, 2007 
[2] M. Fila, G.A Taylor, J. Hiscock, “Modelling and Analysis of Enhanced TAPP 
scheme for distribution networks,” 16th Power Systems Computation 
Conference, PSCC 2008 
[3] M. Fila, G.A Taylor, J. Hiscock, “Flexible Voltage Control to Support 
Distributed Generation in Distribution Network”, UPEC 2008, Padua, Italy, 2008 
CHAPTER I - INTRODUCTION 
 12 
[4] M. Fila, J. Hiscock, D. Reid, P. Lang, G. A. Taylor, “Flexible Voltage Control in 
Distribution Networks with Distributed Generation – Modelling Analysis and 
Field Trial Comparison”, CIRED 2009 Proceedings, Prague 2009 
[5] M. Fila, D. Reid, G. A. Taylor, P. Lang, M. R. Irving, “Coordinated Voltage 
Control for Active Network Management of Distributed Generation”, IEEE PES 
General Meeting, Calgary, Canada, 2009 
[6] M. Fila, G. A. Taylor, M. R. Irving, “Development and deployment of novel 
active voltage control schemes within MV networks to accommodate distributed 
generation”,  IET Proceedings, Generation, Transmission and Distribution 
(submitted 2010)
CHAPTER II – DISTRIBUTION NETWORKS 
 13 
Chapter II – Distribution Networks 
 
Electricity networks are generally divided into two categories, transmission and 
distribution systems. Until recently, research and engineering development was 
concentrated at the transmission system as it presented many challenges and prospects 
for improvement. A great deal of emphasis and resources have been dedicated in order 
to develop and improve theoretical understanding, underlying principles, control 
techniques, communication infrastructure and simulation analysis of the transmission 
system. In the meantime distribution systems have been considered as the more 
passive and uncomplicated system and much less effort has been given in order to 
improve its performance and increase efficiency. However, as the amount of 
distributed generation increases, DNOs are incentivised to improve efficiency of their 
systems as new operational and control techniques are required [10].  
 
Due to the fact that transmission networks differ in many aspects from distribution 
networks many of the techniques developed for the former can not be applied into the 
latter or at least need to be modified in order to fit existing distribution system 
infrastructure.  
 
The aim of this chapter is to present key differences between transmission and 
distribution networks and provide main characteristics of the latter. The existing 
control and operation principles, management systems as well as challenges and 
prospects for the distribution networks are presented in the following sections of this 
chapter.  
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2.1. Introduction – Transmission and Distribution Networks 
 
The purpose of the electricity network is to connect all generators and provide 
electricity supply to all customers. It consists of overhead lines, underground cables, 
transformers, switchgear and many other apparatus which build a complex system to 
enable controlled, safe and efficient electric energy transfer [11].  
 
The electricity system has developed over the years from the single generator 
supplying local load to the interconnected system covering entire countries. As the 
transport of large quantities  of electric energy over long distances is more efficient at 
high voltage (HV), the network between large-scale generation and load demand 
centres are operated usually above 200 kV (275 and 400 kV in UK including (132kV 
in Scotland)). This network is the backbone of the electricity system. The transmission 
system provides power to grid supply points (GSP) and also large industrial customers. 
From GSPs the power is conveyed to medium and small customers through medium 
voltage (MV) and low voltage (LV) distribution networks [12]. 
 
The general purpose of transmission and distribution networks in principle is the same, 
however distribution networks differ from transmission networks not only by the 
means of the voltage level but also in many other aspects such as operation principles, 
physical characteristics, complexity, design, etc. [13] 
 
Due to the fact that electrical energy is very difficult to store, power generation and 
load need to be continuously balanced. A number of generators are producing energy 
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at various times of the day depending on the wholesale electricity market price, 
electricity fuel price, generator availability, network constrains and constantly 
changing load. These characteristics make the transmission network a dynamic system.  
A transmission system operator is responsible for maintaining power balance as well 
as keeping the system stable and within operational limits. To achieve these objectives 
active control of the whole system is essential. On the other hand, in distribution 
networks with little generation connected, load flow is typically unidirectional. 
Distribution networks take supply from GSPs and deliver electricity from higher to 
lower voltage networks, down to all customers. The network design is based on the 
worst case scenario derived from the forecasted maximum load. This simplifies the 
control of the distribution networks which are usually operated in a passive manner.  
 
Another factor which differentiates transmission and distribution networks is the 
number of components; while the transmission network has a relatively small number 
of components, distribution networks consist of large number of various elements 
needed to supply a widely dispersed customer base. However, a failure of a single 
component in the transmission system may cause blackout spread over large area or 
even the collapse of the whole system. For this reason high redundancy in the network 
and sophisticated control and protection systems are used. Component failure in the 
distribution network affects a much smaller number of customers, in the worst case 
causing a local blackout, and it is rather unlikely to be a reason of system breakdown. 
Naturally, the distribution networks are designed and operated to minimise the effect 
of any component failure and DNOs need to comply with “Electricity supply quality 
and continuity regulations” [14] and “P2/6” directives [15] to reduce any supply 
disruption. 
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Due to the fact that a transmission network consists mainly of high voltage overhead 
lines, the system X/R ratio is high. This imposes a particular characteristic of the active 
and reactive power flow and determines control of the transmission system. On the 
other hand X/R ratio of the distribution networks is usually considerably lower and 
varies significantly with the voltage levels and proportion of cables and overhead lines. 
In the networks with much lower X/R ratio different control regimes need to be used in 
order to effectively operate the system. It should be noted here that compared to the 
impedance of lines/cables, transformer impedance contributes the most significant 
reactance to the system.   
 
Finally, transmission networks are strongly interconnected systems. However, 
depending on the voltage level and complexity of the system distribution networks can 
be operated in radial or meshed manner. This factor also affects the operation and 
control method of the networks [16].  
 
The characteristics of the distribution networks described above affect the design, 
operation and control of these networks. Depending on voltage level, complexity of the 
system, load demand and generation connected to the network an appropriate design 
principle, control method and operation regime need to be employed. The purpose, 
characteristic and design principles, as well as challenges for the distribution networks, 
are described in the following chapter with the particular focus on the matters affecting 
voltage control in the 33 kV and 11 kV networks. 
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2.2.Characteristics of Distribution Networks 
 
A typical arrangement of the UK distribution system is shown in figure 2.2.1., 
however the system configuration and voltage levels can significantly vary from 
network to network.  
 
 
Figure 2.2.1  Distribution network arrangements 
 
The grid substation is fed from the same or number of GSPs through 132 kV lines or 
similar voltage level. At the grid substation step down transformers reduce the voltage 
from the subtransmission level to the distribution level. Two or more transformers are 
usually installed depending on load demand in order to provide security and comply 
with engineering recommendation P2/6 [15].  MV level such as 33kV is commonly 
used to distribute electricity and supply the primary substations but direct change from 
132 kV down to 11 kV is also common.  33 kV networks are operated in a pseudo 
radial manner but some parts of the network may be interconnected.  
 
As with grid substations, the number of step-down transformers on primary substations 
depends on load demand and requirements for security and continuity of supply stated 
in [14] and [15]. 
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A typical 11 kV network is commonly operated as radial system for economy and in 
order to simplify operation and protection procedures. A number of section switches is 
installed on the network in order to facilitate an alternative route of supply in case of 
fault or outage as presented in figure 2.2.2. Along the feeders a series of step-down 
transformers e.g. 11kV/433V are connected, from which customers are supplied at the 
statutory voltage.  
 
 
Figure 2.2.2 Typical 11kV network arrangement 
 
Depending on location, load demand, load density, load character and load forecast, a 
number of types of distribution networks such as urban, rural or industrial systems can 
be identified [10]. Rural networks are characterised by long feeders, mainly overhead 
lines with the pole-mounted transformers in the range from 25 kVA to 200 kVA.  
Urban networks consist of much shorter, usually underground cables, feeders 
supplying distribution transformers located in ground-mounted substations or inside 
buildings. 500 kVA and 750 kVA distribution transformers are now standard in the 
UK. Frequently the primary substation feeds a mixture of rural and urban feeders, 
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providing electricity to small or medium towns and surrounding areas. An arrangement 
of the industrial networks is determined by the character of the load, its density and 
sensitivity for disruptions.  
 
The obligation of the distribution networks operators is to connect all customers and 
provide safe, efficient and uninterrupted supply within the statutory limits of voltage 
quality and security [17].  
 
Historically, development, design and operation of distribution networks have been 
determined mainly by load demand. With little or no generation connected in medium 
and low voltage networks, load demand was predictable, power flow unidirectional 
and power factor consistent. The capacity of the distribution network based on this 
methodology was derived from a maximum demand forecast. The system was 
designed as a passive network to deliver electricity from the GSP to the end users 
within specified parameters under the worst load conditions with no or little 
automation.  The capacity and redundancy of the system was proportional to the 
number of customers and security of supply requirements. As a result, in general the 
system was initially overdesigned [10].  
 
Radial arrangement and unidirectional power flow significantly simplifies distribution 
network operation, protection and control. For example, most of the protection systems 
have been designed and set up to operate for unidirectional power flow and the voltage 
control scheme to operate at fixed power factor. 
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As the demand increases, DNOs develop the distribution network by reinforcing the 
system or adding new assets to increase the capacity. Additionally more advanced 
control schemes and management systems have been introduced in order to improve 
reliability and efficiency of the existing assets [18].  
 
2.3. UK Distribution Networks Management and Control 
 
The distribution network in the UK covers majority of the country, delivering 
electricity to millions of customers. In order to distribute electricity from GSPs to 
customers located in large cities, towns and rural areas, distribution networks consist 
of a vast amount of lines, cables, transformers, switches and ancillary equipment. This 
complex system needs to be controlled and managed in a safe and efficient manner. 
The SCADA system with the DMS is a tool which allows the operator to collect 
information about the state of the system, store and analyse data from thousands 
RTUs, identify problems and carry out any required action. The acknowledgement of 
the completed operation can be also transmitted.  
A SCADA system provides the following types of signal:     
- digital data: circuit breaker status, alarm indication, fault location 
- analogue signals such as voltage, current, power factor  
- control such as circuit breaker open/close , enable/disable AVC control 
Depending on location, availability and bandwidth requirements the SCADA system 
uses mixture of communication channels such as pilot wires, copper circuit, fibre wires 
and radio.  
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DMS increases transparency of the system and enables control engineers to monitor 
the system and take required actions such as isolating a part of the network, clearing a 
fault, reconfiguring the network, restoring supply or optimizing the performance of the 
network. Data collected by SCADA and DMS can be used to analyse the system, pre-
empt outages, allocate network constraints and plan network reinforcements.  
 
The SCADA system in the UK distribution network was initially introduced at the 
higher voltage levels at 132/33 kV substations and it was later implemented by various 
degrees on the lower voltage levels down to 33/11 kV substations and 11 kV feeders 
[19]. All analogue and digital signals as well as the full circuit breakers telecontrol at 
the grid substations are provided for SCADA. Alarms and faults from majority of 
protection relays are sent to a control room. Most of the analogue signals are available 
and most circuit breakers can be remotely controlled at the existing primary 
substations.  
 
However, full telecontrol is now a standard for all new or refurbished primary 
substations, due to a range of equipment involved and a lack of communication 
infrastructure there is little or no remote control over the embedded 11 kV network. 
Remote opening and closing of circuit breakers and information of their status have 
been introduced and is becoming commonly employed across the UK DNOs. Usually 
radio or mobile channels and recently satellite communication, is used for a 
transmission and receipt of single instructions. However, they are not suitable and 
cannot be used for continuous or a substantial quantity of data transfer. Therefore, no 
analogue signals are available beyond the primary substation feeder current 
measurements.  
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 Apart from the centralised DMS and SCADA system there are number of local control 
schemes in distribution networks. One such example is a well established AVC 
scheme which is commonly used in UK distribution networks at grid and primary 
substations. Detailed description and analysis of such AVC schemes is presented in 
chapter III. 
 
2.4. Challenges for UK Distribution Networks 
 
UK DNOs are faced with a number of challenges regarding the control and 
management of their systems. DNOs are required to plan and develop the networks to 
a standard not less than stated in [15], provide connections for all new customers who 
require energy or intend to supply energy, as well as improve quality of supply and 
reduce losses in the system [18].  
 
Firstly, DNOs are challenged by constantly increasing demand. As DNOs are obliged 
to connect new and supply growing energy needs of existing customers, the systems 
need to be constantly reinforced to meet the demand. Secondly, DNOs are incentivised 
to improve performance of the network. A number of incentive schemes have been 
introduced in the UK by energy regulator (Ofgem) to reduce energy losses in the 
system, minimise customer interruptions (CI) and customer minute losts (CML), as 
well as provide cost effective connections [17], [18].  
 
The major development of the UK distribution networks took place in 1960s and 
1970s. After 40-50 years of utilisation many of the components are approaching the 
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end of their expected lifetime. Consequently, UK DNOs are faced with a substantial 
asset replacement programme. Additionally, in order to maintain high performance of 
the system, extend the lifetime of some assets and obtain advance warning about 
deteriorating component conditions, operators have introduced monitoring and 
supervisory systems. An example of such a scheme is a partial discharge monitoring 
system.  
 
One of the biggest challenges for distribution networks is DG. In order to meet current 
and future government targets, growing amounts of generation from renewable energy 
sources (RES) are being connected to the power network. The majority of the RES is 
connected at medium and low voltages and classified as DG. 
 
As previously discussed, distribution networks were originally designed to deliver 
electricity from GSP to numerous medium and small load customers in a reliable, 
efficient and statutory specified manner. Increasing penetration of the DG is changing 
the original character of the distribution networks from uni-directional to bi-directional 
power flow, increases in fault level and changing the voltage profile on the network. 
 
It is recognized that connection of a generator can provide a number of benefits in a 
distribution network. Depending on location, network infrastructure and load 
conditions presence of DG can reduce losses in the system, alleviate heavily loaded 
feeders, improve voltage profiles and contribute to security of supply. However, due to 
the fact that distribution networks have not been designed to accommodate DG, a 
number of issues such as excessive fault level, thermal constraints and violation of 
voltage limits can arise.  In order to be able to provide efficient and reliable connection 
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for both DG and load customers without impairing the quality of supply, DNOs must 
develop and adopt new operational and control techniques. 
 
2.5. Active Solutions for Distribution Networks   
 
A number of innovative technologies has been recently developed and proposed with 
the purpose to help DNOs rise to the numerous challenges described in the previous 
section. These technologies broadly differ in complexity and application, however, 
they are generally regarded as active network management (ANM) solutions.   
 
Number of definitions have been proposed in the literature to describe and categorize 
ANM [8],[9],[21],[51]. On the basis of these the common understanding of the ANM 
of distribution networks is that pre-emptive actions are taken to maintain networks 
within their normal operating parameters by the use of coordinated operation of 
network equipment, widespread monitoring and communication infrastructure and 
advanced algorithms embedded locally at the substation or centrally in a control room. 
The general objective of ANM is to transform passive networks into an active system 
which can be dynamically controlled and automatically configured. 
 
ANM technologies have the potential to significantly improve network utilisation in an 
effective and cost-efficient manner. They can be used to increase security and 
reliability of supply, connect distribution generation or reduce operational cost and 
provide financial benefits for both load and generator customers.  
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The benefits of ANM are evident; however there is also a number of barriers for 
implementation of these technologies into distribution networks. Due to the fact that 
ANM strongly rely on communication, the reliable, widespread and continuous links 
are essential. Also new systems need to be integrated within existing infrastructure and 
coordinate with existing systems and network management routines. Moreover, safe 
and explicable operation of the system needs to be maintained while accommodating 
ANM technologies into the distribution networks.  
 
Currently only single ANM trials are set up across the distribution networks, however,   
a growing number of active solutions is being introduced into distribution networks 
and innovative technologies have been identified as a promising platform for 
implementation. With the improved communication infrastructure, growing 
confidence, proved functionality and demonstrated benefits, distribution networks at 
all voltage levels are expected to become more active. The widespread automation and 
effective active control of distribution networks will not be easy due to the fact that 
UK distribution networks consist of more than 750 000 kilometres of overhead lines 
and underground cables and thousands of substations. Nevertheless a steady progress 
to move from current static approach for network management to active network 
control is expected. 
 
2.6. Summary  
 
Clearly, emerging active network control technologies can provide an efficient and 
cost effective solution for many issues associated with improving performance and the 
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accommodation of DG into distribution networks [6], [19]. The necessity to move 
from the “fit and forget” approach of passive systems to an active solution is evident. 
However, a number of aspects need to be considered before new active network 
management technology can be implemented. Factors such as existing network 
infrastructure, amount of DG connected and future DG growth, the communication 
infrastructure, bandwidth requirements and costs need to be carefully analysed [6], 
[20].  
 
One of the control techniques that can be significantly affected by the changes in 
distribution networks is voltage control. This technique needs to be revised in order to 
accommodate DG [21]. It has been recognised that excessive voltage rise on the 
network is a limiting factor for the accommodation of DG and presence of generation 
can severely affect automatic voltage control schemes currently used on UK 
distribution networks [7], [22].  
 
ANM can provide an effective solution for voltage control problems in the distribution 
networks. However a number of issues such as AVC schemes operation, voltage 
profile and voltage limits on the distribution networks need to be considered before 
new active voltage control techniques can be utilised. Comprehensive analysis of 
existing voltage control schemes, options and risks of novel active voltage solution 
implementation into distribution networks are presented in following chapters.
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Chapter III – Voltage Control in Distribution Networks 
 
All appliances, electric machines and other electronic and electrical devices are 
designed to operate at a specific voltage supply level. However it is not economically 
practical to maintain a nominal voltage level at all customers connected to the 
distribution network and voltage variation needs to be allowed. The nominal voltage 
supply and permissible voltage deviation is now harmonized across Europe and is 
stated in [24]. As a result all equipment which is supplied from the mains must operate 
within these voltage limits and network operators are obliged to maintain the supply 
voltage at a satisfactory level.  
 
Voltage regulation in distribution networks is required to offset the effect of voltage 
drop along conductors and other apparatus such as transformers in order to comply 
with statutory requirements. This is accomplished by means of selecting a suitable 
transformer ratio and appropriate conductor size. However, due to the fact that load 
demand varies considerably during the day, effective voltage control can be difficult to 
achieve using passive techniques. In order to automate, simplify, and optimise voltage 
regulation, AVC schemes are commonly used across the distribution networks [25].  
 
In this chapter, theoretical analysis of the voltage control is discussed. Statutory 
voltage limits and the existing DNOs practices and techniques for voltage control to 
comply with this legislation are also presented. Detailed analysis of AVC schemes is 
described and their function in parallel control of transformers with OLTC discussed.  
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3.1. Theoretical Analysis of Voltage Control 
 
When load is supplied from a remote source the voltage variation along the feeder can 
be described by the following equation: 
 
( ) ( )
V
jQPjXRIjXRV −+=+=∆                  (1) 
 
Where R and X are resistance and reactance of the line and P and Q real and reactive 
power flow respectively.  
 
For the purpose of theoretical analysis the imaginary term of equation (1) can be 
neglected and the equation simplified to the form as presented in equation (2).  
 
 
1
12 V
QXPRVV ⋅+⋅+≈                 (2) 
 
As the X/R ratio in a distribution network is low, neither the RP  nor XQ  term can be 
neglected. Considering active and reactive load: PL and QL, as well as active and 
reactive power output of distributed generation: GP  and GQ  connected on the feeder, 
equation 2 takes form: 
                                      
( ) ( )
1
12 V
QQXPPRVV LGLG −±⋅+−⋅+≈
                          (3) 
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Equation 3 illustrates the factors, and their correlation, affecting the voltage profile on 
a distribution network.  It might be seen that the voltage at a remote point on the 
feeder, V2, is determined by the source voltage V1, the impedance of the line jXR +  
and the active and reactive power flow [26].  
 
On the feeder where only load is supplied, the voltage drop will occur along the feeder 
as both terms ( )LG PPR −⋅  and ( )LG QQX −±⋅  are negative. On the other hand a 
voltage rise can occur when DG is connected on the feeder. Under these conditions the 
term ( )LG PPR −⋅  can become positive and the voltage level at the point of connection 
of DG and some parts of the feeder can then be higher than the voltage level of the 
busbar. The amount of voltage change depends on load, generator output and its power 
factor as well as parameters of the line.  
 
Therefore voltage control of the distribution networks needs to be managed at the 
design stage by the correct selection of overhead lines and cable parameters. 
Additional correction of the voltage profile can be carried out in real time by certain 
operational techniques. It is achieved by source voltage adjustment under varying load 
conditions.  
 
An example of the visual representation of the equation (3) is shown in figure 3.1.1. 
The active and reactive power flows on the feeders are represented by red and blue 
arrows respectively and the corresponding voltage profile is illustrated below. Feeder 1 
is the feeder with DG connected at the remote point exporting electricity to the 
network while feeder 2 is the feeder with load only. 
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Figure 3.1.1 Voltage profile on a distribution network.  
 
3.2. Statutory Voltage Limits 
 
In the UK the DNOs’ responsibility is to comply with regulatory requirements for the 
quality of supply and statutory voltage limits specified in [14] and [24]. The statutory 
voltage limits for all voltage levels are presented in Figure 3.2.1 
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Figure 3.2.1 Statutory voltage limit in UK power system for various voltage levels 
and associate voltage control equipment. 
 
For the transmission system and 132 kV distribution systems (often referred to as the 
sub-transmission system) the statutory limits are ± 10%. However, transmission 
network operator will normally maintain the voltage on the 400kV system within ±5% 
of the nominal value unless abnormal conditions prevail. Voltages on the 275kV and 
132kV parts of the transmission system will normally remain within the limits ±10% 
of the nominal value unless abnormal conditions prevail [27]. 
 
For MV distribution networks, between 1 kV and 35 kV, the statutory limits are +/- 
6%. LV system limits within the declared range of 230 volts +10% and -6% are to be 
maintained under all network conditions. Any voltage deviation outside statutory 
limits, especially high voltage, can be hazardous for apparatus installed on the network 
and can cause damage to the customer’s equipment [2]. 
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3.3. Standard Techniques of Voltage Management in Distribution 
Networks 
 
In order to meet statutory voltage requirements, under dynamic load conditions and 
various network characteristics, purposely designed equipment and operational 
procedures are employed. An example of common voltage control arrangement at 
various voltage levels is presented in figure 3.2.1.  
 
Distribution transformers fitted with off load tap switch (OLTS) provide a fixed 
voltage boost for the LV network. This boost is required in order to compensate for 
voltage drop on the feeders as well as across the transformer itself. A standard 
11/0.433 kV distribution transformer has 5 tap positions in 2.5% steps, offering +/- 5% 
regulation range as presented in table 3.3.1 
 
HV LV HV Boost  LV Boost @ 230/400 V  
Position 
kV V % % 
1 11.55 433 5 3.1 
2 11.275 433 2.5 5.6 
3 11.00 433 0 8.2 
4 10.725 433 -2.5 11.0 
5 10.45 433 -5 13.9 
 
Table 3.3.1 Standard off load tap changer of distribution transformer  
 
Usually the tap ratio of the distribution transformer is determined at the design stage 
taking into account load demand, MV and LV network structure as well as voltage 
control technique used at the primary substation (such as AVC with or without LDC). 
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Although the tap position of the distribution transformer can be changed, for example 
seasonally, it is not common practice to adjust a distribution transformer ratio, unless it 
is required due to network change or adverse voltage level on the LV network.  
 
A more effective method for controlling the voltage profile is used at primary and grid 
substations, where power transformers are equipped with OLTC and AVC schemes. 
The OLTC enables a transformer ratio to be changed and consequently the voltage 
output, without interrupting the load current. This is achieved by addition or 
subtraction of turns in the transformer winding, normally on the primary side of 
transformer. There are number of OLTC arrangements with a variety of selector and 
diverter types. An example of a tap selector and diverter switch type OLTC is 
presented in figure 3.3.1 [28] 
 
 
Figure 3.3.1 Principles scheme of a tap selector and diverter switch type OLTC [28]  
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A tap position change is carried out in a mechanically interlocked sequence. In figure 
3.3.1 single tap position change is presented in five stages. In the first step load current 
is transferred through main contact on the left-hand side MA. Tap selector SB is load 
free and is used in order to pre-select subsequent tap position. When the tap selector 
reaches required tap position the diverter switch is actuated in order to transfer the load 
current from one position to another. To limit the circulating current and transfer the 
load current without interruption two resistors are used RA and RB with the transition 
switches TA and TB. The switching sequence is completed when diverter switch 
reaches main contact MB on the right-hand side and the load current passes through 
selector SB. At this point new tap position on OLTC is achieved reached [28]. 
 
Typically the OLTC used in distribution networks offers regulating ranges of 20 per 
cent in 17 or 19 tap steps, however this differs depending on the design and application 
of the tap changer.  
 
In UK distribution networks, the OLTCs are installed at 132/33 kV and 33/11 kV 
substations in order to produce the appropriate voltage output at the substation busbars. 
AVC schemes are employed in order to automate and optimise operation of the 
OLTCs. At grid and primary substations the AVC scheme is typically linked to a 
SCADA system providing remote control functionality such as voltage reduction for 
emergency load shedding, remote tap operation or tap locking.  
 
For more than half a century these AVC schemes have provided satisfactory and 
effective performance in distribution networks, helping to maintain a voltage profile 
within the statutory limits under varying load conditions. However, at a time of 
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increasing use of DG, expansion of active network management and commitments to 
develop more efficient and flexible distribution networks, the traditional AVC schemes 
can become inefficient and their operation needs to be reviewed [29],[30].  
 
The principle of operation and an in-depth assessment of the existing AVC schemes 
commonly used in distribution networks are presented in the following sections of this 
chapter. Computer representation and software simulation of various AVC schemes is 
presented in chapter IV.   
 
Other voltage control equipment such as in-line voltage regulators and capacitor banks 
can be employed in distribution networks; these however, are not commonly used and 
are costly. A voltage regulator can be installed on an 11 kV feeder in order to provide 
an additional voltage control point on a line with excessive voltage drop. There are 
only a few of these devices installed in the UK at present [8], [19]. Raising the voltage 
by injecting reactive power in to the network using a capacitor bank is another method 
for voltage management, yet its implementation in the UK distribution networks is also 
very limited [51].  
 
Distribution network operational techniques are designed to make efficient use of all 
available voltage control methods as well as the statutory voltage limits. Due to the 
fact that 11 kV networks are passive systems with very limited voltage control options, 
it is common practice to operate the primary substation 11 kV busbar at a relatively 
high voltage level. This ensures that, under heavy load conditions, customers at the 
distant point on the feeder receives voltage above the lower statutory limit and at the 
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same time maintaining voltage level at customers close to the substation below the 
upper statutory limit.  
 
One of the drawbacks of this practice is that customers connected at the remote point 
on the feeder can receive a voltage supply with a variation of 16.5% [25]. Another 
disadvantage of the high voltage target for 11 kV networks is that there is very limited 
voltage headroom in order to accommodate DG. Considerable voltage profile 
improvement in the networks can be achieved by modifying voltage target and using 
LDC. The principles and benefits of LDC are presented in section 3.4.5 and methods 
to improve the voltage profile and increase voltage headroom in distribution networks 
to connect DG are presented in the following chapters in this thesis.  
  
3.4. Automatic Voltage Control Scheme Principle 
 
The main purpose of the AVC scheme is to maintain the desired voltage level at the 
substation busbars under varying load conditions. When a voltage level outside the 
tolerable range is detected by the AVC relay, a raise or lower signal is sent to the 
OLTC in order to correct the voltage level. 
 
A simple AVC scheme arrangement is shown in figure 3.4.1. In this arrangement only 
voltage measurement is used. The AVC relay compares the voltage measured at the 
secondary side of the transformer ( VTV ) with the target voltage ( TARV ) in order to 
determine whether any actions are required. 
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Figure 3.4.1 Simple AVC scheme arrangement 
 
In order to ensure appropriate and efficient performance of the AVC scheme, basic 
settings such as voltage target, bandwidth, and time delay are essential, however, 
additional settings such as LDC, substation firm capacity, transformer impedance etc. 
can be also required. 
 
3.4.1.  Voltage Target, Bandwidth and Time Delay Settings  
 
The voltage target setting specifies the desired voltage level at the substation busbars 
which an AVC relay is intended to maintain. The voltage target varies from DNO to 
DNO and from network to network, but it is common for the 132/33 kV substations to 
run at a fixed voltage target at 101.5%. That gives the voltage level of 33.5 kV. For 11 
kV networks the voltage target is typically set at 102.5% which gives the voltage level 
of 11.275 kV.  
 
As a small deviation from the voltage target would cause the voltage control relay to 
operate, some tolerance range needs to be applied. The tolerance range in a voltage 
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control relay is called the bandwidth setting, normally represented by a ± value from 
the voltage target. The bandwidth is defined as the voltage deviation from the voltage 
target below which no action is required by the voltage control relay. When the voltage 
deviation exceeds the bandwidth setting, the tap changer mechanism is activated in 
order to bring voltage back to a desirable level. The minimum bandwidth setting is 
determined by the voltage step of the tap changer. To prevent the AVC relay from 
hunting, the total bandwidth should be set greater than one step. The greater the 
bandwidth (BW) setting, the fewer the number of tap changer operations. On the other 
hand it should not to be set too high as the voltage precision will be compromised. 
Typically, the bandwidth is set between 1.5 and 2 tap steps [31].  
 
Moreover, in order to avoid excessive tap changing due to short-term voltage 
fluctuations, a time delay must be introduced. The time delay setting is also used to 
coordinate operation of the AVCs between higher and lower voltage levels. It is 
desirable for a voltage change at 132 kV system to be corrected by the 132/33 kV 
transformer before correction is made by 33/11 kV transformers OLTC. Thus, time 
delay setting of the AVC scheme at the grid substations is usually between 30-60 
seconds while at the primary substations is typically between 60-120 seconds.  
 
The performance of the voltage control relay in time domain with the voltage target, 
TARV , measured voltage , VTV , bandwidth and time delay settings is illustrated in figure 
3.4.2.  
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Firure 3.4.2 Performance of the AVC scheme 
 
The voltage control relay monitors the voltage at the substation busbars and compares 
it with the voltage target and bandwidth settings. When the voltage exceeds the 
allowable voltage range, the relay starts timing. If the voltage level persists outside the 
range for longer then time delay setting, the relay takes actions to correct the voltage 
i.e. sends raise or lower signal to the OLTC.   
 
3.4.2.  Automatic Voltage Control with Load Drop Compensation 
 
Another feature commonly implemented in the AVC relay is the LDC technique. In 
this method, in addition to voltage measurement, transformer current measurement is 
also used in order to determine the voltage level at a remote point on the network. An 
AVC relay with LDC therefore does not maintain the voltage at the substation, but at a 
remote point on the feeder under varying load conditions.  
 
LDC voltage bias ( LDCV ) is calculated and added to the voltage target ( TARV ). The 
AVC scheme arrangement with LDC functionality is illustrated in figure 3.4.3.  
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Figure 3.4.3 AVC scheme with LDC  
 
There are two different approaches for the LDC scheme. They have similar purposes, 
but different implementation. The first approach is known as ‘line drop compensation’.  
In this method feeder current, resistance and reactance of the line are used to estimate 
the voltage level at a remote point of the line. The line drop compensation bias is 
applied in proportion to measured current and R and X settings of the voltage control 
relay and calculated as follows: 
 
                                                    ( )LLCTLDC jXRIV +⋅=                                            (4) 
 
The second method is called ‘load drop compensation’ and is intended for substations 
with multiple feeders. Voltage boost at the substation busbars, %R , is applied in 
proportion to the ratio of the actual current measurement to the current at full load. The 
LDC voltage bias is calculated as follows [32]: 
                                                       
TXMAX
TX
LDC I
I
RV ⋅= %     (5) 
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This allows compensation for voltage drop along the feeders caused by load flow 
under various load conditions.  
 
The main advantage of the load drop compensation technique over line drop 
compensation is that the former is much easier to set up as the maximum load of the 
substation is known, and transformer current is measured. On the contrary the latter 
technique requires knowledge of resistance and reactance of the feeder which are not 
clearly defined and feeder current which is not usually available. Additionally most 
substations have multiple feeders and R and X settings only apply to a single feeder 
with an end load. More details about the LDC schemes are presented in [25] and [33]. 
 
At substations where an LDC scheme is used the voltage target setting of the AVC 
scheme represents the voltage target at no load and the LDC setting represents the 
required voltage boost above the target voltage at maximum load conditions. Once 
again, various settings can be used for an AVC scheme with LDC, but typical settings 
for 33 kV busbar is  97% voltage target at no load plus 5% LDC boost at full load 
giving the voltage range from 32.01 kV up to 33.66 kV. The voltage target for 11 kV 
system is usually set up at 99% with 5% LDC voltage bias provide voltage range from 
10.89 kV at no load and 11.44 kV at full load. 
 
3.5. Parallel Operation 
 
Grid and primary substations are commonly equipped with two or more transformers 
feeding a common busbar. In the case where a substation is equipped with only one 
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transformer, the load can be also fed from substations located several miles apart with 
the network interconnected between transformers. In both cases the transformers are 
paralleled either on site or across the network. This practice improves security of the 
supply and simplifies the transformer outage procedures. Switching facilities are 
provided to separate transformers, however, these transformers are normally operated 
in parallel [29]  
 
There are a number of conditions which need to be satisfied in order to parallel 
transformers. Any two or more transformers which are intended to be operated in 
parallel should posses following characteristics [34]: 
1) the same polarity 
2) the same phase sequence 
3) the same inherent phase angle difference between primary and secondary 
terminals 
4) the same percentage impedance 
5) the same voltage ratio 
Characteristics 1, 2 and 3 for all transformers operated in parallel must be the same, 
however, some degree of tolerance can be allowed in 4 and 5.  
 
Identical transformers complying with all five characteristics and assuming the 
incoming voltages are equal will share the load equally and the transformer individual 
currents as well as total load current will be in phase with each other. The vector 
diagrams for two identical transformers, AT  and BT  operated in parallel is shown in 
figure 3.5.1 
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Figure 3.5.1 Identical transformers in parallel operation 
 
Discrepancies in transformer impedance, to a lesser extent, affect parallel operation but 
influence load share between transformers. The distribution of the total load TLI  
between two transformers AT  and BT operated in parallel is given by: 
    
TBTA
TATL
TA NN
NI
I
+
⋅
=    (6) 
TBTA
TBTL
TB NN
NI
I
+
⋅
=   (7) 
 
Where for transformer AT  and BT respectively: 
 TAI , TBI - represent full load transformer current 
ZTA
TA
TA V
K
N = , 
ZTB
TB
TB V
K
N =   
TAK , TBK - represents rated transformer output kVA  
ZTAV , ZTBV - percentage impedance 
 
Equations (6) and (7) both show that transformers at the substation share the load in 
proportion to their impedance when they have the same voltage ratios, the same 
resistance to reactance ratios and the same rating. The transformer with lower 
VVT VVT 
ITB=1/2 ITL ITA=1/2 ITL 
ITL ITL 
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impedance is taking more of the total load and as a result the firm capacity of the 
substation may be reduced.  
 
It is important to note that both transformer currents TAI  and TBI  are in phase with 
each other and even though the transformer currents are not equal, there is no 
circulating current flow between transformers.  
 
The circulating current will flow between transformers operated in parallel when the 
voltage ratios are not exactly matched and/or incoming voltages are not equal. The 
magnitude of the circulating current depends on a difference in voltage ratios and 
impedances of the transformers as shown in figure 3.5.2 and is given by:   
TBTA
TBTA
CIRC ZZ
UU
I
+
−
=      (8) 
Where for transformer TA and TB respectively:  
TAU , TBU - transformer voltage ratio 
TAZ , TBZ - impedance of the transformer 
 
Figure 3.5.2 Circulating current in parallel operation 
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Due to a very high transformer X/R ratio, in the range of 30-50, equation (8) can be 
simplified and only transformer reactance can be used. This denotes that circulating 
current is dominantly reactive and determines the reactive power flow between 
transformers. Therefore, for the transformer with higher voltage ratio (in figure 3.5.2 
transformer AT ) CIRCI lags the busbar voltage, VTV , by 90 degrees while for the 
transformer with lower voltage ratio (transformer TB) CIRCI leads the busbar voltage, 
VTV , by 90 degrees. The current flowing between transformers, shifts transformer 
current TAI  clockwise and current TBI  in the opposite direction as shown in figure 
3.5.3. 
 
Figure 3.5.3 Paralleled transformers with different voltage ratio.  
 
A small amount of circulating current in the transformer windings can be generally 
allowed.  However, owing the fact that circulating current creates additional copper 
losses and causes overheating of the windings, thus reducing transformer capacity, it is 
required to minimise its flow between paralleled transformers as these losses increase 
exponentially as current increases.  
 
In order to prevent excessive circulation current flow between paralleled transformers 
due to the difference in transformers’ voltage ratio, an appropriate tap position for all 
transformers must be maintained. Referring to the voltage control scheme based on 
ITA 
VVT VVT 
Transformer TA with higher voltage ratio Transformer TB with lower voltage ratio 
ITB 
ICIRC 
ICIRC 
ITL ITL 
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voltage measurement as described in section 3.4 consideration is given to the AVC 
scheme when two identical transformers with OLTC are paralleled. Initially, both 
transformers are at the same tap position (i.e. position 9) and no circulating current 
flows. Two voltage control relays are used to manage the voltage at the substation 
busbars under varying load conditions. Due to even very small discrepancies, for 
example, in voltage measurement or delay timing, one of the transformers will always 
operate before the other. For instance, as load at the substation decreases, voltage drop 
across the transformers reduces and voltage at the substation busbars rises. When the 
measured voltage exceeds the relay bandwidth VTTAR VVV −>∆ , one of the 
transformers, in this case transformers AT , operates after time delay in order to correct 
the voltage level as shown in figure 3.5.4 b).  
 
 
Figure 3.5.4 Paralleled transformers runaway 
 
AT  taps down from position 9 to position 8 and the voltage level is brought back within 
the bandwidth. At this point the relay controlling transformer BT  is satisfied with the 
voltage level and does not take any action. The transformers are one step apart and 
some circulating current flows between transformers, however these conditions are 
acceptable as the magnitude of CIRCI is relatively small.  
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When the load further decreases the process repeats itself and the OLTC of transformer 
AT  is operated again to correct the voltage. As a result the transformers are now two 
steps apart (figure 3.5.4 c)), the desired voltage target is maintained and more 
CIRCI flows through the transformers windings.  
 
The transformers will drift further apart when the load at the substation starts to 
increase; this time transformer BT  will operate first as the voltage at the substation 
busbars goes below the lower band. The OLTC of BT  is moved from tap 9 to tap 10 
and with further load increase from 10 to 11.  
 
At this point transformers are 4 steps apart as shown in figure 3.5.4 e) and, as the load 
at the substation varies throughout the day, the transformers would diverge to the 
opposite limits of the OLTC ranges. The resulting excessive circulating current causes 
hazardous conditions for the transformers and possibly transformer over-current or 
winding temperature protection to operate. If directional over-current protection is 
installed, the transformer on a lower tap position will trip leading to a high voltage at 
the substation busbars.  
 
Thus, voltage control of the parallel transformers must be modified in order to prevent 
paralleled transformers from tapping apart. Therefore, another requirement of an AVC 
scheme, when two or more transformers operate in parallel, is to minimise circulating 
current between transformers and keep them on appropriate tap positions.  
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In the next chapter of this thesis various techniques in AVC schemes used to detect 
and reduce circulating current by adjustment of tap position are described.  
 
A common feature of the schemes such as negative reactance compounding (NRC), 
transformer automatic parallel package (TAPP) or true circulating current (TCC) is 
that an additional voltage bias is used to modify the effective voltage target [30], 
[35][43]. A compounding voltage bias COMPV  is calculated for each transformer in the 
same manner. Its magnitude and direction depends upon the amount and direction of 
the circulating current. The effective voltage target is adjusted for all voltage control 
relays in the AVC scheme in order to enforce appropriate operation of the OLTCs. The 
principle of this method is presented in figure 3.5.5. 
 
 
Figure 3.5.5 Operation of AVC with compounding voltage bias 
 
As in the situation described in figure 3.5.4 transformer AT  operates first when the 
measured voltage exceeds the relay upper band and corrects the voltage level. As the 
transformer voltage ratios now differ due to one tap position divergence, a circulating 
current flows between the transformers. This current and its direction are detected and, 
depending on its magnitude and the voltage control relay setting, a compounding 
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voltage bias is determined. The voltage target for each relay is modified and the 
effective voltage target 'TARV  is determined as follows:  
 
  COMPTARTAR VVV ±='      (9) 
 
The effective voltage target for the transformer on the lower tap position '
_TATARV  is 
reduced   and for the transformer on the higher tap position is increased as represented 
by lines orange and red in figure 3.5.5 b) respectively. This process ensures that when 
load further reduces transformer BT  operates first and reduces the circulating current 
(figure 3.5.5 c) and in the case when load increases, transformer AT  increases its tap 
position and equalises the voltage ratio (figure 3.5.5 e), thus reducing any circulating 
current, ideally to zero. 
 
Detection of the circulating current and calculation of the compounding voltage bias 
COMPV  varies from scheme to scheme. Some techniques rely on communication 
between transformers (i.e. TCC) others on transformer current power factor and 
reactive power flow (NRC and TAPP) or a mixture of both (Enhanced TAPP). An 
exception from the voltage compounding bias method is the approach used by a 
master-follower (M-F) scheme, where all parallel transformers are kept on the same 
tap position by an arrangement of mechanical and electrical signalling. However, this 
implies some limitations for the parallel operation of non-identical transformers.  
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3.6. Summary 
 
Voltage control of the electricity system is an important aspect of network 
management. The statutory voltage limits are clearly defined and the network 
operators are obliged to design and control the system in order to keep all customers 
within this voltage range.   
 
A number of techniques have been implemented into distribution networks to ensure 
that voltage profile is maintained within the voltage limits under various load 
conditions. An OLTC with AVC scheme is commonly used to automate and optimise 
the voltage profile on the 33kV and 11 kV distribution systems. However, due to the 
fact that the design and operation of distribution networks, including voltage control 
techniques, have been determined by load demand, connection of generation can affect 
performance of the AVC schemes and needs to be considered in the process of 
connection of DG into the distribution network. 
 
In order to be able to assess the effect of DG on the performance of the AVC schemes, 
the principle of operation needs to be understood. Characteristics and limitations of the 
most common AVC schemes employed in distribution networks are discussed in the 
next chapter. Computer models and simulation analysis of the M-F, NRC, TAPP, TCC 
and Enhanced TAPP (ETAPP) schemes are also presented. 
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Chapter IV - Modelling and Simulation of AVC Schemes 
 
Existing voltage control techniques and AVC schemes in distribution networks have 
been discussed in the previous chapter.  It has been suggested that the connection of 
the distributed generation changes the character of the distribution networks and can 
affect voltage control techniques, in particular AVC schemes.  
 
Using specifically developed simulation software the effect of DG on performance of 
various AVC schemes can be analysed. Firstly, this chapter briefly presents Operation 
and Control of Electrical Power Systems (OCEPS) load flow program, discusses the 
principles of the most common AVC schemes and presents associated computational 
models. Secondly, model implementation into load flow software is presented and 
simulation results of typical distribution network conditions are analysed. Finally, the 
performance of AVC schemes in distribution networks with distributed generation is 
examined and discussed. 
 
4.1. Introduction  
 
Load flow analysis software assists planning and control engineers with the evaluation 
of the steady state of a network under various configurations, load and generation 
conditions as well as operational routines. 
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With the increase of distributed generation being connected to the system as well as an 
increasing demand for electrical power, distribution networks have become more 
complex and operate closer to their design limits. In order to be able to maximise the 
utilisation of existing network infrastructure, increase efficiency and implement ANM 
techniques, more accurate, efficient and functional network design and operational 
tools are required [36].  
 
One of the challenges for the DNOs is voltage control. Voltage regulating relays which 
control OLTCs are widely used to manage voltage levels on distribution networks. 
Even though these techniques are well established, traditional AVC schemes can be 
unreliable, particularly when a transformer arrangement is complex and conditions of 
the network variable. Network issues such as varying power factor, difference in 
incoming voltage, non-identical paralleled transformers, load pattern, distributed 
generation and changes in network configuration can undermine the performance of 
AVC schemes.  
 
Simulation software can be used to investigate how a particular AVC scheme performs 
when subjected to the above network issues and consequently how the voltage profile, 
power flow, losses or security of the system is affected.  
 
The basic tap changer control with automatic voltage controller is usually available in 
load flow packages, however, parallel control of the transformers is not included or it 
is based on master-follower scheme. In order to carry out the simulation study of the 
most common AVC schemes the computational models of these systems have been 
created and implemented into the OCEPS load flow program [37].  
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This chapter presents the principles, computational models and implementation into 
OCEPS of M-F, NRC, TCC, TAPP, and ETAPP.  
 
In order to create the accurate computational representation of the AVC scheme, firstly 
a mathematical model of the scheme needs to be created. To achieve this objective the 
principles and functionality of the scheme need to be comprehended. The next step is 
the implementation of this model into the software with all required settings, 
interaction between the relays and response of the scheme to the network changes. The 
final stage of AVC model development is validation of the scheme operation, 
functionality and performance under various network configurations as well as 
generator and load conditions.  
 
The operational characteristics, advantages and disadvantages of the above schemes 
are discussed and the performance under various distribution network load and 
generation conditions are investigated.  
 
4.2. Load Flow Simulation and Transformer Model  
 
An alternating current (AC) load flow provides a steady state solution for electrical 
power networks. With accurate models of all major components such as transmission 
lines, transformers, generators or loads the load flow algorithm calculates power flows, 
voltage levels, losses etc. throughout the network.  
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The OCEPS software is a commercial load flow package. It is based on the Newton-
Raphson algorithm and uses a partitioned-matrix approach to the Jacobian equations. 
This algorithm has been tested on a variety of systems and proved to be a very robust 
tool for load flow studies in transmission and distribution networks [38]. This method 
is suitable for the analysis of distribution networks due to the fact that it efficiently 
handles networks with widely varying resistance and reactance parameters.  
 
For its suitability to deal with a variety of transmission and distribution networks and 
widespread R/X network ratios, the OCEPS load flow package was considered as the 
suitable platform for the required network analysis. The OCEPS was created at 
Durham University and is being further developed at Brunel University and is 
commonly used at both the academia and the industry. For that reason it was chosen 
for implementation and analysis of AVC schemes in this project. 
 
The OCEPS load flow application uses the plant models as presented in [37]. A brief 
description of the load, generator, transmission line and transformer models are 
presented in the following section.  
A polynomial load modelling approach is employed in OCPES to represent the 
variation of load power with voltage. Active and reactive power loads P and Q are 
given by: 
    
321
321'
εεε γγγ PVPVPVP ++=   (10) 
    
321
321'
ζζζ δδδ QVQVQVQ ++=   (11) 
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By selecting suitable values for coefficients γ  and δ and exponents ε and ζ all 
standard types of load can be modelled.  
 
Three modes of generation are accommodated within OCEPS: Vθ, PQ and PV. In 
distribution network simulation Vθ mode is used to represent GSP, PQ mode is used 
for the distributed generation as it is very often required to operate at fixed power 
factor, usually close to unity, by the DNO. PV mode is used for larger generation 
connected at the 132 kV network level.  
 
The medium line pi-equivalent model with series impedance RRR jXRZ += and shunt 
admittance EE jBGY += is used to represent overhead lines and underground cables. 
This model enables an accurate representation of both short length line and medium 
length line but also can be used as the model for the transformer.  
 
A transformer is represented as a network branch and ideal transformer model. The 
line impedance and resistance parameters are specified as in a transmission line model. 
However, when the branch in the network model is defined as a transformer, the 
transformer model as shown in figure 4.1.1 is used.  
 
Figure 4.1.1 Transformer model in OCEPS 
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This model enables the allocation of the impedance of a transformer on both sides of 
the windings as well as the incorporation of transformer ratio on the primary or 
secondary side of the transformer by means of “T” or “R” parameters respectively.  
In the load flow algorithm the steady state of the system needs to be executed for every 
change in transformer turns-ratio. The admittance matrix [ ]Y  must be recalculated to 
reflect the effect of this change on the primary and secondary voltages and currents in 
the system PV , SV , PI  and SI respectively. This relationship is described as follows 
[40]:   
 
                                             
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I
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It is important to note that network analysis of a transformer with variable tap ratio 
may significantly increase the number of calculations in the load flow software in 
order to achieve a steady state solution.  
 
In the load flow studies, a transformer with OLTC is represented by discrete variable 
turns ratio “t” in the transformer model as follows: 
               
n
Nk
n
N
n
NkN
t
V
V
LV
HV ∆+=∆+==    (13) 
 
Thus: 
                    
n
NkTt ∆+=      (14) 
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Where “N” is the number of turns of winding at the primary side and “n” is the number 
of turns of winding at the secondary side. “T” represents nominal transformer ratio, “k” 
is the tap position and ∆N represents a tap step [35].  
 
In order to simulate a realistic transformer with OLTC, a number of parameters for the 
transformer model have been added to the OCEPS software.  Apart from resistance 
and reactance parameters which define a branch of the network, additional information 
such as number of taps, minimum and maximum turns ratio etc. are required to fully 
define the transformer with OLTC.  The table below shows the OCEPS code of 
parameters describing a transformer and tap changer with a brief functional description 
and characteristic value. 
OCEPS 
Code 
Parameter description Notes and typical Value 
BRNCOD Branch code: 
-0 for a transmission line or cable, 
-N indicates that this branch represents 
transformer number N. 
TAPLO Lower limit of turns ratio 0.9 pu- minimum tap position gives - 10% change of nominal transformer ratio 
TAPHI Upper limit of turns ratio 1.1 pu- maximum tap position gives + 10% change of nominal transformer ratio 
TAPSTP Number of Tap Steps The number of possible Tap Positions 
TAPPOS Current Tap Position  
TAPTYP 
Transformer Tap, 
Changing Type 
 
-0 - manually controlled tap position 
-1 - automatic control at ‘sending end’ 
-2 - automatic control at ‘receiving end’ 
NODTSP 
Node number of target 
node for transformer tap-
changing controller 
Usually substation busbars 
VTSP Voltage magnitude target Required voltage target -  default = 1 pu 
 
Table 4.1.1 Transformer model parameters in OCEPS  
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4.3.General Model of AVC Scheme 
 
A number of AVC schemes are currently used in distribution networks based on 
various techniques for voltage control and parallel operation of transformers. However, 
universal principles of operation can be recognized [38]. The following section 
presents a general model of the AVC scheme and its implementation into OCEPS.  
 
As described in chapter III, the AVC relay operates to maintain the network voltage at 
the correct level. The function describing the action of the relay can be written as 
follows [41]: 
( ) ( ) ( )tTDEAtNtN ,,1 +=+      (15) 
 
( )





−<∆−
+>∆
=∆
otherwise
BWVif
BWVif
BWVE
0
1
1
,               (16) 
 
( )





>−=−
>=
=
otherwise
TDTCandEif
TDTCandEif
tTDEA
0
11
11
,,  (17) 
Inequality constraints: 
( ) MAXMIN NtNN ≤+≤ 1     (18) 
AVCMAXVTAVCMIN VVV ≤≤     (19) 
 
Where N  is the tap position of the transformer, E  indicates voltage excursion outside 
permissible level and that action is to be taken in order to correct the voltage, A  
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indicates tap changing action of the AVC relay. BW represents the AVC bandwidth 
setting, MAXMIN NN , define minimum and maximum tap position of the OLTC (that 
correspond to TAPLO and TAPHI in OCEPS transformer model), AVCMINV and 
AVCMAXV specify operational voltage limits for AVC monitoring unit, TD  represents the 
relay time delay setting and TC  time counter. 
 
In steady state load flow analysis the time domain in the AVC scheme model is not 
considered and the AVC model can be simplified by neglecting equation (17). As a 
result the equation (15) takes the form as follows: 
 
( ) ( ) ( )BWVEtNtN ,1 ∆+=+    (20) 
 
The tap position of the transformer will be changed when the voltage difference V∆  
between the measured voltage VTV  and effective voltage target 'TARV  exceeds 
bandwidth setting.  
 
    BWVV TARVT ≥− '    (21) 
 
To this point the AVC model is universal and can be applied to the most of the AVC 
schemes. However, different techniques to determine the effective voltage target 
'TARV are used in each AVC.  
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The relay voltage target can include LDC voltage bias, LDCV , as well as compounding 
voltage bias, COMPV . Additionally, in the more innovative active voltage control 
schemes, a voltage target adjustment TARADJUSTV  can be sent from the voltage controller 
or DMS, for example as presented in [42]. Considering the basic voltage target, TARV , 
and all voltage biases and adjustments, the calculation of the effective voltage target 
'TARV  takes form as follows:   
   TARADJUSTCOMPLDCTARTAR VVVVV +++='   (22) 
The LDC voltage bias and compounding voltage bias calculation varies depending on 
an AVC scheme.  
 
The next section presents various AVC techniques and how a voltage target is 
calculated depending on which method is used.  
 
4.4. Master-Follower 
 
In this method all paralleled transformers are kept on the same tap position. One of the 
parallel transformers (master) in the scheme monitors the voltage at the busbar and 
adjusts the tap position to maintain the required voltage level. When the master 
transformer finishes the action all other transformers (followers) in the scheme 
replicate it [29].  
 
Due to the fact that all transformers are operated simultaneously, for each voltage 
correction the number of tap changes is equal to the number of transformers in a group. 
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This may unnecessarily increase number of operations of OLTC and as a result, 
maintenance costs. Additionally, for the single tap operation, the voltage change at the 
busbar is equal to the tap changer step and appropriately higher bandwidth settings 
may need to be used to optimise the number of tap changer operations. As a result 
voltage control precision is compromised. 
 
The M-F scheme operates correctly under varying power factors and reverse power 
flow. The scheme might be used along with LDC. However, due to the fact that in 
most schemes LDC is based on transformer current not summed load, when one of the 
transformers in the group is switched out the LDC increases and the settings need to be 
adjusted in order to avoid over-voltage. 
 
As a connection between relays is required, it is impractical to use this scheme to 
parallel transformers across a network. Additionally, circulating current will flow 
between paralleled transformers using this scheme unless the transformers are 
identical, such that they have the same impedance, number of taps and incoming 
voltage. This significantly complicates substation reinforcement, i.e. additional 
transformer installation. As a new transformer is usually different from the existing 
transformers at the substation and due to the fact that the M-F scheme is able to control 
only identical transformers, the AVC scheme at the substation will need to the replaced 
or modified.  
 
The M-F scheme in OCEPS is modelled by the parameter PARTRAN(X) which 
describes each transformer. This parameter indicates which of the transformers 
operating in parallel is the master and which is the follower. When PARTRAN(X) = X 
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then transformer X is a master. The voltage calculated at transformer controlled node 
is used to determine the required tap position in order to correct the voltage. All the Y 
transformers described by PARTRAN(Y) = X are paralleled with, and followers to, 
transformer X. Their tap position is replicated in the calculations for transformer X.  
 
4.5. Negative Reactance Compounding 
 
One of the most common AVC schemes in the distribution networks is NRC 
technique. In this technique LDC settings are used in order to produce a compounding 
voltage bias. It is achieved by changing the polarity of the imaginary part of the LDC 
settings LDCjX . The relationship between LDC settings and NRC setting can be 
defined as follows [30]: 
LDCLDCLDC jXRZ +=      (23) 
LDCLDCNRC jXRZ −=     (24) 
The principles of NRC scheme are presented in figure 4.5.1.   
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Figure 4.5.1 NRC scheme principles 
 
Consider a substation where two paralleled transformers are on the same tap position 
and voltage boost from LDC is required and LDCR  is equal to zero. The LDCjX−  
setting is used to provide compounding voltage bias. With the assumption that the load 
power factor is close to unity, the voltage drop across LDCjX−  caused by transformer 
current leads the measured voltage by 90 degrees. Under these circumstances the 
effective voltage target 'TARV  for both relays is approximately equal to the measured 
voltage magnitude VTV , as shown in figure 4.5.1 a). It can be concluded that 
compounding voltage bias ( )LDCTX jXI −⋅  has minimal effect and can be ignored.  
 
The situation when the transformers are a few steps apart is presented in figure 4.5.1 
b). The circulating current flows between transformers causing the transformer 
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VVT NRCTA
ZI ⋅
 
VVT 
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'
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'
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NRCTB ZI ⋅  
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NRCTA ZI ⋅  
'
_TATARV  
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'
_ TBTARV  
VVT 
a) Transformers at the same tap positions 
b) Transformers a few steps apart 
NRCTB ZI ⋅  
Transformer at lower tap position 
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currents to rotate in opposite directions.   Consequently the phasors of the voltage bias 
are shifted correspondingly. For the transformer on the higher tap position, the 
effective measured voltage '
_ TATARV is increased over the measured voltage VTV  and the 
relay will be biased to tap down. For the transformer on the lower tap position, the 
effective measured voltage '
_ TBTARV  is decreased over the measured voltage VTV  and 
the relay will be biased to tap up. As a result of the compounding voltage biases in the 
NRC AVC scheme the transformers are kept on the desired tap position, preventing 
transformers from runaway and any circulation current is reduced to an acceptable 
level. 
 
In the NRC scheme a connection between transformers is not required as each AVC 
relay of the paralleled transformers acts independently. This feature makes NRC 
scheme suitable for paralleling transformers across the network and for paralleling 
non-identical transformers. However, this scheme has also disadvantages in that it is 
only accurate at unity power factor, and the error in voltage target increases with the 
load power factor deviation. To reduce this error a compromise between the benefit of 
the compounding and the susceptibility of the scheme to produce voltage errors for 
varying power factor must be found. Another disadvantage of NRC schemes is 
degradation of the LDC performance due to the change in the polarity of the XLDC 
setting. To compensate for LDC boost the value of RLDC must be increased. However, 
this complicates the correct settings selection for the NRC scheme to operate under 
various load conditions and the usual load power factor in the range of 0.95 – 0.98 
lagging [43]. 
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The NRC scheme in the OCEPS software is executed by setting negative values for the 
XLDC parameter. The XLDC parameter corresponds to LDC reactance setting LDCjX  
as described above. The current that flows in the branch representing the transformer is 
used to calculate voltage biases across the LDC components. The voltage target 
parameter VTSP as shown in table 4.1.1 is modified to reflect the effective voltage 
target in the NRC scheme as follows: 
NRCVTTAR VVV +='   (25) 
Where:  
'TARV  - Effective voltage target  
VTV  - Measured voltage  
NRCV - Negative reactance compounding voltage bias calculated ( )LDCLDCTX jXRI −⋅  
 
4.6. Transformer Automatic Paralleling Package [44] 
 
The TAPP scheme is widely used in the UK and selected as the standard AVC scheme 
by a number of UK DNOs. It is based on a modified negative reactance compounding 
principle [31], [44]. However, in this scheme, two separate circuits are used, one for 
the purpose of LDC and one for the purpose of compounding, in order to eliminate the 
need of trade-off between the benefit of the compounding and the susceptibility to 
produce voltage errors for varying power factors. The circulating current in the TAPP 
method is evaluated by comparing the measured transformer current TXI power factor 
with the target power factor TARPF as is shown in figure 4.6.1. The value of the target 
power factor is 0.97 lagging and is chosen to match the usual load power factor.  
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Figure 4.6.1 TAPP scheme principle 
 
The TAPP scheme maintains the simplicity of the NRC scheme, in addition it also 
reduces the voltage error at and around normal network power factor conditions. The 
scheme is also much easier to implement as separate settings are used for LDC and 
compounding. Moreover, LDC in this scheme is redefined as load drop compensation. 
This technique is described in detail in section 3.4 and equation (5). 
 
A weakness of the TAPP scheme is that the voltage error and degradation of the LDC 
performance occur when the network power factor moves away from the target power 
factor. This is because circulating current is considered as a part of the load current. 
Consequently the TAPP scheme is not easily applied to networks with distributed 
generation.  
 
In order to model the TAPP scheme in the OCEPS software parameter TAPPSC has 
been introduced. This parameter identifies the transformers which are paralleled and in 
the same TAPP scheme. Using the transformer branch current TXI , the power factor of 
TARPF  
CIRCI  
VTV  
TXI
 
β 
α 
COMPV  
'TARV  
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the transformer current Xα  is calculated and circulating current estimated using 
equation as follows:  
( )( )TARXXTXTXCIRC PFII tancossin_ ⋅−⋅= αα   (26) 
 
Target power factor TARPF has the fixed value of 0.97 lagging. When the TAPPSC of 
the transformer X is selected, RLDC and XRRC settings represent the load drop 
compensation setting and compounding setting respectively. Thus the LDC voltage 
bias is calculated using equation (27). 
 

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I
I
RLDCV     (27) 
And the compounding voltage bias is calculated using equation (28).  
 
RRC
n
TXMAX
CIRC
COMP X
I
I
V ⋅=
∑
1     (28) 
Where: 
 n is the number of paralleled transformers in the TAPP scheme 
TXI - represents transformer load current   
TXMAXI - represents transformer rated current.  
 
The effective voltage target VTSP’ takes the form as follows: 
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COMPLDCTARTAR VVVV ++='     (29) 
 
The effective voltage target 'TARV  is summation of the basic voltage target TARV , the 
LDC voltage bias LDCV  and the compounding voltage bias COMPV  
 
4.7. True Circulating Current 
 
On networks with little or no generation changes in power factor are relatively small 
and the performance of conventional TAPP and NRC schemes are satisfactory. 
However, as the amount of distributed generation connected to distribution networks 
increases, significant deviations in power factor may be seen and techniques based on 
fixed target power factor become unsuitable. A scheme known as TCC provides an 
effective voltage control and circulating current detection for paralleled transformers 
on the network with distributed generation that operates at fixed close to unity power 
factor [45].  
 
In this scheme a communication link between the AVC relays at the same site is used 
in order to exchange the information of each current of the paralleled transformers. 
This allows each relay to determine the total load at the substation and calculate the 
network power factor. Consequently the contribution of the circulating current to 
individual transformer current can be established and accurate compounding voltage 
bias applied to optimise the tap position of each transformer. The principles of the 
TCC scheme are presented in figure 4.7.1.  
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Figure 4.7.1 Principle of operation of the TCC  
 
The circulating current is calculated by comparing individual transformer current TAI  
or TBI  to the full load current equal to summed transformer currents TBTA II + . The 
compounding voltage bias is used to increase the effective voltage target '
_ TATARV  of 
the transformer on the higher tap position AT  and decrease the effective voltage target 
'
_ TBTARV  of the transformer on the lower tap position BT . Such action is performed 
until the voltage level at the busbar is within the bandwidth of the target voltage and 
the circulating current is minimised. As the parameter β always represents the true 
network power factor, regardless of any circulating current between transformers, 
calculation of the circulation current CIRCI  is precise.  
 
As with other AVC schemes TCC may be used with LDC. However, even though the 
scheme is not affected by a varying power factor, LDC performance is compromised 
as in all AVC schemes described in this section by the output from distributed 
generation. This is due to the fact that the substation total load current does not 
represent the true load on the network, as it is reduced by distributed generation export.  
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The arrangement of the TCC scheme is complicated by the necessity of an 
interconnection between transformers. As a result, the link must be rearranged when 
one of the transformers within the scheme is out of service. Additionally it is not 
feasible to parallel transformers across the network [46].  
 
To execute the TCC scheme in OCEPS the AVCSC parameter needs to be 
set 3=AVCSC . RLDC and XLDC  settings can be used for load drop compensation 
function and the XRRC  parameter is used for the compounding setting.  
The circulating current is calculated as follows: 








=
∑
∑
TX
TX
I
I
Re
Im
arctanβ     (30) 
 
( )( )βαα tancossin
_
⋅−⋅= TXTXTXTXCIRC II    (31) 
 
Where β corresponds to actual power factor and∑ TXI is the summed transformer 
loads within the scheme.  
 
The compounding voltage bias, COMPV , LDC voltage bias, LDCV , and the effective 
voltage target 'TARV  in TCC scheme are calculated as follows: 
    RRCTXCIRCCOMP XIV ⋅= _    (32) 
 
    ( ) ( )LDCLDCTXTXLDC jXRIV +⋅∠= α   (33) 
 
COMPLDCTARTAR VVVV ++='    (34) 
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4.8. Enhanced TAPP 
 
The ETAPP scheme is a combination of the TCC and TAPP methods [31]. In order to 
control voltage level and paralleled transformers on the same site, the TCC mode is 
used, while TAPP mode is used to parallel transformers across the network with a 
weak bias to offset errors due to power factor changes.  
 
In order to execute the ETAPP scheme in the OCEPS software the AVCSC parameter 
needs to be set to 2=AVCSC . To model the ETAPP scheme the circulating current 
for paralleled transformer on the same site is calculated as for the TCC method 
described by equations (31) and the site compounding voltage bias SITEV is calculated as 
follows: 
    RRC
n
MAXTX
TXCIRC
SITE X
I
I
V ⋅=
∑
1
_
_
   (35) 
 
The network circulating current and compounding voltage bias TAPPCOMPV _  are 
calculated as for the TAPP method using equations (26) and (28) respectively. A 
sensitivity factor FS   is used to reflect the required strength for the compounding 
setting for transformers which are paralleled across the networks. The network 
compounding voltage bias is calculated as follows:  
 
    TAPPCOMPFNET VSV _⋅=     (36) 
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The LDC voltage bias is calculated as for the TAPP scheme using equation (27) and 
the effective voltage target is give by:  
 
NETSITELDCTARTAR VVVVV +++='    (37) 
 
4.9. Simulation of the AVC Schemes Under Various Load and 
Generation Conditions 
 
In the following section a simple network model is used in order to investigate the 
performance of the various AVC schemes under varying load and generation 
conditions in order to validate computational models for each of the schemes. The 
network model is implemented in the OCEPS load flow software with the AVC 
scheme models as described in the previous sections. Firstly, performance of the AVC 
schemes with realistic load profiles for a distribution substation is examined; voltage 
profile, AVC relays and effective voltage targets are investigated. Secondly, AVC 
scheme operation on a network with distributed generation is analysed and 
effectiveness of each scheme discussed.  
 
4.9.1.  Case Study 
 
The simple distribution network, shown in figure 4.9.1, has been used to investigate 
the performance of various voltage control schemes. Figure 4.9.1 presents the primary 
substation with two 33/11 kV transformers operated in parallel. Both transformers are 
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rated at 12 MVA, however, they differ slightly in percentage impedance. The 
impedance of the transformer T1 is 18 % and the impedance of transformer T2 is 17%. 
The transformers are equipped with OLTCs that offer voltage variation +/- 10% of the 
nominal voltage ratio in 17 steps.  
 
The minimum substation load is 2 MVA and the maximum load is 9 MVA. The 
substation supplies a number of feeders with a mixture of load customers. A 6 MVA 
generator is being considered for connection to the network at some point on the 
feeder. The generator is required to operate at power factor close to unity. With the DG 
connected the power flows at the substation become bi-directional. For the period of 
low load 4 MW of active power can be exported to the network and for the period of 
high load and no generation, up to 9 MVA is supplied through the transformers.  
 
 
Figure 4.9.1 Simple distribution system 
 
For all the AVC schemes the same voltage target and LDC settings were implemented 
to maintain voltage levels of 1 p.u. at the substation busbars or at the load centre 
respectively. For each scheme the bandwidth setting was set to be equal the tap step of 
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1.25% and the compounding settings were set up to maintain parallel transformers no 
more than one tap position apart under all network conditions wherever possible.  
 
4.9.2.  Standard Load Profile 
 
Firstly, the performance of the AVC schemes is examined under standard load 
conditions on the distribution network. A typical load profile for a winter day is shown 
in figure 4.9.2. The load varies from 3.5 MVA in the early morning hours up to 9 
MVA at peak load at around 5 p.m. The network power factor is lagging fairly 
consistently between unity and 0.98 lagging.  
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Figure 4.9.2 One-day load profile for distribution network  
 
A series of consecutive load flow studies has been performed using the modified 
OCEPS software, which is presented in detail in chapter VI. The load flow studies 
have been performed on the network model shown in figure 4.9.1 with the changing 
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load profile as presented in figure 4.9.2. The case study has been performed for each 
AVC scheme with a fixed voltage target and the simulation results are presented in 
figures 4.9.3 – 4.9.8. 
 
In the fixed voltage target mode the AVC scheme is expected to maintain the required 
voltage level at the substation busbars despite the load conditions and also to minimise 
circulating current between transformers.  With a bandwidth setting of 1.25% and the 
voltage target setting of 1 p.u. the voltage level at the substation should be continually 
maintained between 0.9875 and 1.0125 p.u. 
 
Performance of the M-F, NRC, TAPP and TCC schemes under these conditions are 
presented in figures 4.9.3, 4.9.4, 4.9.5 and 4.9.6 respectively. The ETAPP scheme in 
this network configuration would perform exactly as the TCC and it is therefore not 
included in this analysis. All the results obtained for the TCC scheme are valid for the 
ETAPP scheme.  
 
In the figures below the voltage at the substation busbars VTV  is represented by the 
blue line, the effective voltage target for the relay controlling transformer A '
_ TATARV  
by the red line and effective voltage target for the relay controlling transformer B 
'
_TBTARV  by the orange line.  
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Master-Follower Performance
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Figure 4.9.3 Performance of M-F scheme under typical load conditions 
 
NRC Performance
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Figure 4.9.4 Performance of NRC scheme under typical load conditions 
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Figure 4.9.5 Performance of TAPP scheme under typical load conditions 
 
TCC Performance
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Figure 4.9.6 Performance of TCC scheme under typical load conditions 
 
It can be observed that, under typical load conditions, all four AVC schemes perform 
accurately and maintain OLTCs on appropriate tap positions. The voltage precision is 
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slightly compromised for NRC and TAPP schemes due to power factor deviations. The 
effective voltage targets for both relays in the NRC scheme decrease below 1 p.u. as 
the power factor becomes lower. To offset this voltage error on the network with a 
typical power factor it is common practice to use the resistance element of the LDC to 
provide voltage boost. The ratio of LDCR to LDCjX− needs to be carefully selected in 
order to provide appropriate voltage correction. Selection of the LDCR and LDCjX−  
settings for the NRC scheme are discussed in more detail in [29]. 
 
On the other hand the effective voltage targets for both relays in the TAPP scheme 
increase above 1 p.u. as the power factor gets closer to unity. However the voltage 
errors are quite small and in general do not affect the performance of the schemes. The 
effective voltage targets in the TCC scheme are at 1 p.u. except for the time when 
compounding voltage bias is applied when transformers are one step apart.  
 
The M-F scheme is not affected by the load changes and the effective voltage targets 
are equal to 1 p.u. all the time. Both transformers are operated at the same time which 
can be observed by a full tap step voltage change compared to other schemes where 
only one transformer is operated at a time. 
 
4.9.3.  Connection of DG 
 
The results presented in the previous section have already indicated that a voltage error 
will occur when the power factor deviates from unity, in the NRC case, and 0.97-0.96 
lagging in the TAPP case. When a generator is connected in the network and operates 
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at unity power factor, active power is exported to the network. As a result, the network 
power factor as seen at the substation busbars changes, and when the generator 
exceeds the load, the power factor becomes leading.  
 
With the assumption that the load power factor is fairly constant and the distributed 
generation operates with unity power factor, it can be concluded that the network 
power factor is determined by the generation to load ratio.  
 
In the distribution networks with DG for schemes such as NRC and TAPP, where 
performance is dependent on power factor, a significant error is introduced into the 
voltage target calculation.  The voltage error is caused because voltage control relays 
in NRC or TAPP scheme are not able to distinguish the power factor deviation from 
the circulating current. As the power factor deviates from the target power factor due 
to the DG output, the effective voltage targets for all relays in the scheme are modified 
as the relays incorrectly detect and want to minimise circulating current. The erroneous 
compounding voltage bias is calculated and applied and this produces the voltage 
error. 
 
Simulation analysis of the AVC schemes has been performed in order to estimate the 
magnitude of the voltage error which may be introduced by the scheme under various 
load to generation conditions. The network model presented in figure 4.9.1 was used, 
this time with DG connected and exporting real power to the network. The results of 
the simulation are presented and discussed below.   
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4.9.4.  Results of the Simulation 
 
In the NRC scheme the high LDCjX− keeps the transformers in close step, however, the 
scheme is more susceptible to changes in power factor as previously presented in [29]. 
By decreasing LDCjX−  the compounding force between transformers is reduced and 
the voltage error caused by power factor deviation is also reduced.  
In order to illustrate the effect of the LDCR and LDCjX− settings on the voltage error in 
the NRC scheme, two sets of parameters “A” and “B” have been used. Set “A” has 
been chosen to ensure that paralleled transformers are quickly restored to the same tap 
position as for example in the study presented in previous section. Set ”B” has been 
significantly relaxed allowing the transformer to remain one tap apart for a longer 
period. The graphs in figure 4.9.7 illustrate the voltage error of the NRC scheme with 
respect to generator to load ratio and power factor. 
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Figure 4.9.7 Performance of NRC scheme with DG 
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It can be observed that the voltage error in the NRC scheme increases with the 
generation to load ratio increase. The error is significantly greater for the set “A”, 
reaching about 2% when generation matches load (100%) and above 7% when the 
ratio is 200%. The voltage error caused by the generator output can be reduced by 
relaxing the compounding setting. The voltage error in NRC scheme for set “B” is 
represented by light red and light blue lines for generation to load ratio and power 
factor respectively.  
 
The performance of the TAPP scheme in the network with distributed generation and 
varying power factor is also considerably affected. Similar to the NRC scheme the 
magnitude of the error depends on the compounding setting and two sets of parameters 
“A” and “B” have been used. As in the previous case, set “A” keeps transformers 
closely together, while set ”B” give a decreased compounding force. 
The graphs in figures 4.9.7 a) and b) show the voltage error in TAPP scheme with 
respect to generator to load ratio and power factor respectively.  
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b)
      TAPP Performance with DG
-1.000
-0.900
-0.800
-0.700
-0.600
-0.500
-0.400
-0.300
-0.200
-0.100
0.000
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
-2.00 -1.00 0.00 1.00 2.00 3.00 4.00 5.00
Voltage Error [%]
Po
w
er
 
Fa
ct
o
r 
La
gg
in
g
Power Factor Set-A
Power Factor Set-B
 
Figure 4.9.8 Performance of TAPP scheme with DG   a) Generation to Load ratio,   
b) Power factor 
 
The correlation between voltage error and generator to load ratio in the TAPP scheme 
is more complex than for the NRC scheme. Depending on the network conditions it 
can be positive or negative. As the generator output increases, the voltage error in the 
TAPP scheme increases until the magnitude of transformer current becomes low. For 
the low value of transformer current the voltage error is relatively insignificant and 
becomes negative when power is being exported to the network. As reverse power 
flow increases, the voltage error becomes greater.  
 
It is important to note that even though the TAPP scheme produces significant voltage 
error, especially at generation to load ratio of 90%, the maximum voltage error does 
not exceed 3.5% in case of parameter set A and 2% in case of set B.   
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Although, both NRC and TAPP schemes can generate significant voltage errors on the 
network with varying power factor, limited distributed generation can be 
accommodated. To facilitate DG in the network where NRC or TAPP scheme is used 
to control the voltage and OLTC, the compounding settings may need to be 
compromised. By reducing compounding settings the susceptibility of the scheme to 
changing power factor is reduced and as a result the voltage error lessened. However, 
energy losses caused by circulating current and the OLTC runaway risk need to be 
carefully analysed.  
 
M-F, TCC and ETAPP schemes perform accurately in the fixed voltage target mode 
under various load and DG output conditions. However, the performance of these 
schemes is affected by the output of DG when the LDC function is used. 
LDC is used to boost the voltage level at the substation busbars at heavy load 
conditions in order to offset voltage drop on the feeder. Due to the fact that the LDC 
bias is applied in proportion to the transformer measured current, its operation is 
compromised by the output of DG. The graphs in figure 4.9.8 show the voltage error in 
LDC performance on the network where, at full load a 5% voltage increase is required 
at the substation busbars. 
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TCC Performance with LDC and DG
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Figure 4.9.9 Performance of AVC scheme with LDC under varying generator output 
conditions 
 
As the DG export increases the measured transformer current decreases and therefore 
so does the applied LDC. A result of this is an ‘under-boost’ in the AVC voltage target 
and lower than required voltage level at the remote point on the feeder. When the 
generator output is equal to the load at the substation no LDC bias is applied. At the 
reverse power flow, in the case where LDC is not capped, negative voltage bias may 
be added to the voltage target and further increase the voltage error.  
Inadequate LDC performance may cause low voltages on the network, particularly at 
the end of the heavily loaded feeders 
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4.10. Summary 
 
In order to analyse the effect of varying load, power factor and generator output 
conditions on the operation of AVC schemes, computational models of M-F, NRC, 
TCC, TAPP and ETAPP techniques have been developed and implemented within the 
OCEPS load flow analysis software. This enabled detailed investigation of the 
performance of the AVC schemes under various load and generation conditions on the 
network. The software can help with accurate settings selection, assessment of voltage 
accuracy and determination of alternative solutions.  
 
From the simulation results of the performance of various AVC schemes it can be 
concluded that M-F, TCC and ETAPP schemes are suitable for operation in 
distribution networks with distributed generation. However, due to the fact that LDC 
performance degrades with the increasing amount of DG, LDC settings and safety 
margins need to be carefully assessed in networks with a significant amount of DG. 
Inadequate LDC performance may cause low voltages on the network, particularly at 
the end of heavily loaded feeders.  
 
It has been shown that NRC and TAPP schemes do not provide consistent performance 
for networks with DG, as they are susceptible to changes in power factor. When the 
power factor deviates from the nominal value, i.e. 0.96 for TAPP and unity in the case 
of NRC, significant voltage error can occur on the substation busbars.   
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A summary of the results derived form the simulation and analyses of the AVC 
scheme implemented into the OCEPS software are presented in Table 4.10.  
 
       AVC Scheme: 
 
 
Performance 
Master/ 
Follower NRC 
True 
Circulating 
Current 
TAPP Enhanced TAPP 
Resistance to varying 
power factor  Yes No Yes No Yes 
Differing incoming 
voltages No Yes Yes Yes Yes 
Differing transformers No Yes No Yes Yes 
Paralleling across a 
network No Yes No Yes Yes 
Accurate LDC at target 
power factor Yes No Yes Yes Yes 
Accurate LDC at 
varying power factor Yes No Yes No Yes 
Accurate LDC at the 
presence of DG No No No No No 
Ability to control 
voltage profile on the 
network with DG 
No No No No No 
 
Table 4.10 Comparison of the AVC schemes  
 
Above table along with the software simulation of AVC scheme performance can be 
used to help planning engineers select appropriate voltage control scheme and 
accurately evaluate how much DG can be securely connected to the network without 
the risk of violation of the voltage profile on the network.   
 
Furthermore, the analysis of a network and AVC schemes can reveal that it is not 
possible to connect a required amount of DG to the network using existing voltage 
control schemes and maintain the voltage profile on the network within statutory 
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voltage limits. In such a case alternative solutions to enable connection of DG need to 
be employed.  
 
Methods to improve voltage control on distribution networks with DG and alleviate 
voltage constrains while connecting DG are presented in the next chapter. 
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Chapter V – Coordinated Voltage Control for Active 
Network Management of Distribution Networks 
 
The simulation results presented in the previous chapter show that the presence of DG 
in a distribution network affects an AVC scheme, the operating principle of which is 
based on a fixed power factor. The effective voltage target and as a result, the voltage 
level at the substation, can have a significant error in schemes such as NRC and TAPP. 
Even though the voltage target in the schemes such as M-F, TCC and ETAPP is 
consistent on networks with DG, their performance is also compromised when LDC is 
used.  
 
Furthermore, voltage rise at the point of connection of distributed generation can occur 
on distribution networks and can significantly change the system voltage profile. These 
factors can limit the amount of DG which can be connected to the network and in some 
cases even prevent connection of the generator.  
 
This chapter discusses various issues with voltage control in distribution networks with 
DG. Methods to improve voltage management and increase voltage headroom for DG 
are examined. The challenges and benefits of ANM techniques in 11 kV distribution 
networks are then presented. Additionally, a range of voltage management schemes 
based on coordinated voltage control of the OLTC and the voltage profile on the 
network are demonstrated. Advantages and disadvantages of individual systems are 
analyzed with regard to functionality, the ability to increase network capacity for DG, 
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accuracy, and reliability. Finally, the last section of this chapter discusses 
implementation of active voltage control methods into existing infrastructure and 
operational voltage limits are estimated.  
 
5.1. Challenges for Voltage Control in Distribution Networks 
 
With the growth of DG in distribution networks, DNOs are faced with many 
challenges in design, control and operation of their systems but it is also recognized 
that connection of a generator can provide a number of benefits in a distribution 
network. Subject to location, network infrastructure and load conditions, the presence 
of DG can reduce losses in the system, alleviate heavily loaded feeders, improve 
voltage profiles and possibly contribute to security of supply. However, due to the fact 
that conventional distribution networks have not been designed to accommodate DG, a 
number of issues such as excessive fault level, thermal constraints and violation of 
voltage limits can arise [26]. 
 
Operational experience has shown that unacceptable voltage rise is a common factor 
limiting and even preventing the connection of DG to MV distribution networks. The 
voltage rise effect occurs at the PCC of the network and DG. Due to the fact that the 
voltage level at this point can rise above the statutory upper voltage limit the output of 
the generator may need to be restricted [7]. 
 
Additionally, performance of the AVC schemes can be affected and LDC performance 
compromised, causing the voltage level drop below the lower statutory voltage limit. 
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Consequently, on distribution networks with DG, not only voltage drop but also 
voltage rise must be considered with regards to voltage control in order to make sure 
that the statutory limits are maintained. 
 
There are several proposed solutions to improve the voltage profile in distribution 
networks with DG. Costly solutions of network reinforcement, such as line re-
conducting or building a dedicated line are currently applicable and used in 
distribution networks. Active voltage control with remote voltage sensing units, line 
voltage regulation, scheduling of DG and several other active techniques have become 
available recently but are still at the development and trial stage. These schemes vary 
in complexity, efficiency, investment and communications requirements, as presented 
in [47]. These methods can be applied as the single solution or in combination to 
increase the capacity of the network to accommodate DG [9], [49].  
 
Active voltage control may be achieved by the coordinated management of voltage 
levels at the substations, generator real and reactive outputs and voltage profiles of the 
network. This type of control method appears to be the most efficient solution to 
support both generation and demand in distribution networks without significant 
capital expenditure [1], [50], [51].  
 
It is common practice in distribution network design that, in order to ensure that the 
network is maintained within statutory limits, two extreme load conditions are 
considered: minimum (no load) and maximum load. A similar practice has been 
adopted by DNOs when DG is connected to distribution networks. In such a situation 
four extreme network conditions are considered; minimum load and no generation, 
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minimum load and maximum generation, maximum load and no generation, maximum 
load and maximum generation [10].  
 
This passive approach guarantees operation of the system within statutory limits and 
compliance with contractual obligations. However, it can significantly limit the 
utilisation of a network even though any potential violation of the constraints can be 
very sporadic. As a result the amount of DG that can be cost-effectively connected to 
the network is considerably constrained.  
 
Alternative approaches to operation of the distribution networks are based on ANM 
techniques. They comprise continuous monitoring and control of the system in order to 
take pre-emptive actions to maintain the system within normal operating parameters. 
These solutions can significantly increase the ability of the network to accommodate 
DG in a secure and efficient manner. 
 
Under the minimum load condition a generator output might significantly exceed 
demand on a feeder to which it is connected, causing unacceptable voltage rise. 
Despite the fact that extreme conditions of minimum load and maximum generation 
occur occasionally and in specific operational time periods, they need to be considered 
before DG is connected to the network. Therefore it might be beneficial to connect a 
larger generator and restrict its output when voltage the level at the point of connection 
rises above an acceptable limit.  However, it is important to note that this technique has 
negative economical and technical implications particularly for the generators and 
where an over-voltage is calculated if further generation is added.  
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The main challenge for the coordinated active voltage control schemes is an 
assessment of the state of the network. Due to a relatively small number of the real 
time measurements compare to the vast number of branches and nodes on distribution 
networks, the observability of the system is very low. Consequently, the estimation of 
the load flow and voltage profile of the network may suffer from substantial 
inaccuracy and thus the network capacity cannot be fully utilised [52]. In order to 
improve the estimation process and increase scheme efficiency adequate monitoring 
systems and associated communications infrastructure need to be developed.  
 
A range of coordinated voltage control schemes have been proposed. Some schemes 
are designed for networks with high penetrations of DG or possible significant 
increases in the future and others for a single generator. Some might cover a wide area 
and others control a local system. Some provide a significant increase in network 
capacity, others improve the voltage profile and reduce the restrictions of the DG 
output. Distribution state estimation is often used but alternative solutions for 
evaluating the state of the network are also proposed. Their accuracy depends greatly 
on the number of available remote measurements [50], [51].  The solution choice will 
depend on cost, topology of the network and the amount of DG [19].  
 
Even in a network where sophisticated active voltage control schemes are employed, it 
is important to note that the AVC relays still play a fundamental role. Even if an AVC 
relay may not control the voltage target directly in such a scheme its overall 
performance can be affected by the presence of DG. Due to the fact that standard AVC 
relays might become unreliable under varying load power factors and reverse power 
flows, appropriate AVC schemes need to be used, as described in the previous chapter. 
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In the active voltage control scheme the role of the AVC can be re-defined. It may no 
longer be responsible to calculate the voltage target, as it may be determined by the 
local voltage controller or applied remotely from the distribution management system 
(DMS) as presented in figure 5.1.2. However, it is still the role of AVC relay to 
execute an appropriate action in order to apply the required voltage target at the 
substation busbars, control paralleled transformers and provide basic and safe control 
if these systems fail.  
 
Figure 5.1.2 AVC scheme for active voltage management. 
 
The following sections present and discuss a number of schemes to improve voltage 
profile, increase voltage headroom and ensure accurate operation of AVC on a network 
with DG. The schemes are assessed with respect to their functionality and ability to 
support DG in the distribution networks as well as their complexity and reliability. The 
suitability of each scheme and investment cost necessary for implementation within 
existing infrastructure is also investigated. Advantages, disadvantages and limitations 
of each scheme are examined 
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Firstly, passive solutions are described and generator reactive power control. Secondly, 
three main categories of coordinated voltage management for 33 kV and 11 kV 
networks are presented. Finally, implementation within existing MV distribution 
network infrastructure is analysed and the advantages and disadvantages of each 
scheme are discussed. 
 
5.2. Passive Solutions 
 
One of the passive solutions to reduce voltage rise is network reinforcement. By 
upgrading the conductor size of the feeder to accommodate DG, the resistance and 
reactance are reduced. That means that both terms in equation (3), ( )LG PPR −⋅  and 
( )LG QQX −±⋅  are smaller under the same load and generation conditions and 
therefore the voltage rise is effectively reduced.  
 
This method provides a satisfactory increase in the availability of the connection and 
also improves power quality, reduces losses and customer interruptions. However, 
implementation of this solution is associated with very significant costs [8].  
 
The alternative solution for the connection of DG on the distribution network is the use 
of a dedicated feeder. Building a dedicated line may significantly increase voltage 
headroom for the DG and does not directly affect customers’ voltage profile. However 
this solution imposes significant connection cost and can compromise LDC, if used, 
and AVC performance. 
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5.3. Generation Reactive Power Control  
 
A common technique that is employed to manage voltage profile in a transmission 
network is generator reactive power control. In this technique, the voltage rise caused 
by a generator real power output GP  and consequently the increase of term  
( )LG PPR −  in equation 3, is compensated by absorbing reactive power GQ−  and 
hence reducing term ( )LG QQX −± . This technique maintains the desirable voltage 
level at the point of connection of the generator and its performance and effectiveness 
is described in [53]. However due to the fact that the X/R ratio in distribution network 
is typically much lower than in transmission network this technique is not as efficient 
for 33kV and 11kV cable feeders. It can provide reasonable effectiveness of voltage 
control when a generator is connected to overhead line, due to the fact that its 
reactance is approximately four times higher than a cable. However it can place a 
heavy demand on the generator to absorb reactive power. This may cause additional 
operational costs for the generator, lead to increase in losses in the network, and 
adversely affect AVC performance [26].  
 
Managing the voltage rise in distribution networks by reactive compensation can be 
justified in some cases, nevertheless its application is limited and it is common practice 
for DNOs to instruct a distributed generator to operate at or close to unity power 
factor. 
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5.4. Use of LDC  
 
As has been discussed in chapter III, an AVC scheme is often equipped with LDC 
functionality in order to provide additional voltage boost at the substation busbars. 
This functionality is not only used to improve customers’ voltage profile but also to 
increase voltage headroom in order to accommodate DG [54].  
 
When an AVC scheme is operated at a fixed voltage target, the critical (largest) 
voltage rise occurs under minimum load and maximum generator output conditions, 
but at the same time the voltage drop on the feeders without DG is relatively low as 
illustrated in figure 5.4.1. Under these conditions the voltage headroom which is 
available in the lower voltage range is lost and the generator output needs to be 
restricted as a voltage rise above the statutory upper voltage limit can occur.  
 
Figure 5.4.1 Voltage profile on the network with DG under low load conditions 
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By reducing the AVC voltage target TARV  and using LDC voltage headroom for the 
generator can be released. Under low load demand conditions little or no LDC bias is 
applied and the voltage at the substation busbars is maintained at a low level. 
Consequently, the voltage at the point of connection of the generator is maintained 
within the limits but minimum voltage on the network is maintained above the lower 
statutory voltage limit. The voltage profiles on the feeders for AVC with LDC are 
shown by dashed lines in figure 5.4.1 
 
When load demand increases the voltage target at the substation also increases. But 
under this condition the voltage rise at the point of connection of DG is 
counterbalanced by the voltage drop on the feeder and the fact that the generator is 
supplying local load as shown in figure 5.4.2.  
 
Figure 5.4.2 Voltage profile on the network with DG under high load conditions  
 
The effective voltage target for the AVC with LDC under these conditions is the same 
as the AVC with a fixed voltage target. 
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Viawan et al. [33] further discuss voltage control on MV networks with DG using 
OLTC and LDC. Their paper demonstrates that revision of AVC voltage target setting 
and use of LDC can significantly increase the voltage headroom in systems, enabling 
the connection of DG with no additional equipment.  
 
An AVC scheme with LDC is a simple example of a coordinated voltage control 
scheme that actively manages the AVC voltage set point, taking into account voltage 
drop on the network under various load conditions. However, the amount of DG and 
the voltage headroom that can be realised with the use of LDC is restricted due to the 
fact that the LDC voltage bias is lessened as the generator output increases, as 
presented in chapter IV. This creates a voltage error that may cause customers’ voltage 
at the feeder end point to fall below the lower voltage limit. This issue can be 
considerably reduced using additional measurements at the substation level and 
estimation techniques, as it will be presented in the next section.  
 
5.5. Advanced AVC Scheme Based on Local Measurements. 
 
Using local measurements on the feeders, particularly on the feeders with DG, a 
significant improvement of the network voltage control can be achieved. The main 
advantage of this technique is that additional measurements are fairly easy to obtain 
and there is no need for a sophisticated and expensive communication channel for the 
transfer of these measurements. The existing substation infrastructure such as 
protection CTs mounted on the feeder circuit breakers and spare pilot wires can be 
used to feed AVC relays with load information on the individual feeders.  
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AVC schemes using a form of feeder current measurement have been used in 
distribution network for number of years. The commercial example of this technique is 
the load exclusion module (LEM) designed for the use with the SuperTAPP voltage 
control relay [44]. A typical application of this solution is on sites where capacitor 
banks, used for reduction of losses, are connected or where a heavy industrial load is 
supplied. The LEM enables removal of a ‘non-typical’ load from a transformer 
measured current and correction of the power factor as seen by a relay. As a result, the 
AVC scheme based on the TAPP principle can be effectively used where the power 
factor may vary as a result of the ‘difficult’ load.  
 
Similarly, the LEM can be used on the feeder with DG. The effect of the generator on 
a transformer current, the power factor, and as a consequence on the TAPP scheme 
performance can be eliminated. As the generator current is removed from the 
transformer currents, also more accurate LDC is applied. This technique is very 
effective when a generator is connected on the dedicated line and the feeder 
measurement is simply the generator output.  However, in the situation where the 
generator is connected on the feeder which also supplies other customers, the 
measurement does not correspond to the generator output. While removing the LEM 
current from the transformer currents, some portion of load is also removed and LDC 
performance is compromised to a degree.  
 
The feeder exclusion approach is a simple and effective solution to accommodate DG 
on a network where an AVC scheme is dependent on power factor for circulating 
current control such as TAPP or NRC, and at the same time improve LDC accuracy. 
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However, the suitability of this technique depends on a network configuration, a 
number of feeders and generators as well as the load distribution between the feeders. 
It also has a number of limitations. One of them is that typically, only one feeder can 
be excluded. If the feeder, which provides connection for both generation and load, is 
excluded, a part of the load is also removed from the total load. For the substation with 
only few feeders, this can significantly disturb performance of the AVC scheme and 
LDC. Also, this technique is not able to provide any information about the network 
conditions, such as voltage level or output of the DG at the PCC.  
 
It might appear that, on a feeder which provides connection for both, load and 
generation customers, the output and the voltage level at the point of connection of the 
generator can only be determined by a direct measurement. However, by using only 
measurements at the substation level and a resemblance of the load pattern on the 
feeders, the generator output as well as voltage rise at point of connection can be 
estimated [45].  
 
With the provision of feeder and transformer current measurements the advanced AVC 
relay uses algorithms in order to calculate generator output. The generator output is 
then used to apply generator voltage bias GV  and LDC voltage bias LDCV . An example 
of the scheme based on an advanced AVC relay is shown in figure 5.5.1. 
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Figure 5.5.1  Active voltage control scheme based on local measurements 
 
The generator voltage bias corresponds to the voltage reduction necessary at the 
substation level in order to counterbalance the voltage rise at the point of connection. 
Additionally, generator output current can be subtracted from the measured current at 
the substation and correct LDC voltage bias can be applied at the busbar. This 
technique improves performance of the LDC and allows increased utilization of the 
network and connection of the DG.  
 
This coordinated voltage control concept is employed in the SuperTAPP n+ scheme. It 
offers firstly, very effective AVC performance based on the ETAPP algorithm as 
described in chapter IV and secondly, an innovative technique for voltage control in 
the distribution network with DG [22]. The key benefit of this scheme is that all 
measurements are taken or estimated locally and there is no need for remote 
communication with the generators. This, as well as simplicity of the scheme and the 
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fact that an AVC relay is a fundamental piece of equipment required in every 
application, make it a cost effective and easy to install solution. A disadvantage of the 
scheme is that a considerable security margin needs to be maintained due to the 
possible inaccuracies of the estimation techniques. 
 
The detailed description of operation and efficiency of the scheme will be presented in 
chapter VI along with assessment software for the scheme.  
 
5.6. Advanced AVC Scheme with Voltage Reporting Units  
 
The performance of the advanced AVC scheme is dependent on the precision of the 
estimation of generator output and the estimation of the voltage drop on the feeders. In 
order to ensure that the voltage profile is maintained within limits under all network 
conditions, strict AVC settings need to be applied. Relaxing AVC settings might cause 
occasional, yet uncontrollable violation of the voltage limits. To overcome this issue, 
voltage monitoring equipment in the form of an RTU can be installed at the points in 
the network where violation could occur. When the voltage level at this node is outside 
permissible range, the signal requesting a voltage target adjustment is sent from the 
RTU to the AVC.  
 
The real-time operation of the advanced AVC scheme continues to be based on local 
measurements. However, single exception reporting instructions from the RTU are 
used to correct any unacceptable voltage deviation. A diagram of an advanced AVC 
scheme with reporting RTU (RRTU) is presented in figure 5.6.1. 
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Figure 5.6.1 Diagram of advanced AVC scheme with RRTU 
 
Relaxing AVC settings allows the scheme to improve the utilisation of the network 
and increase the amount of DG that can be connected. RRTUs monitor local voltages 
and communicate with the AVC only when the voltage threshold is about to crossed. 
As the communication between RRTUs and AVC is occasional, it can be provided, for 
example, by the GPS messaging service. This technique is based on the SuperTAPP n+ 
platform and is under development [23].  
 
5.7. Local Active Voltage Management 
 
For a particular network with voltage problems caused by distributed generation a 
more sophisticated approach based on a local voltage controller using the state 
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estimation (SE) technique can be adopted [54]. An example configuration of a local 
active voltage controller is presented in figure 5.7.1.  
 
In order to manage the voltage profile on a network with a single DG, the local voltage 
controller with SE needs at least one RTU installed at the PCC, usually located at the 
DG. For the other nodes SE evaluates a range of possible voltage values within which 
the actual voltage value resides. 
 
 
Figure 5.7.1  Local Voltage Controller. 
 
 
The uncertainty of the estimation process increases with the distance from the 
measurement point as the uncertainty of the pseudo-measurements accumulates and 
the distance form the real time measurement increases. Due to the lack of RTUs on the 
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feeders without DG, the last and only point of measurement on such feeders is at the 
primary substation. This results in significant voltage uncertainty at the most remote 
electrical node on the feeder. This particular node is important in voltage control 
schemes since it is expected that a customer connected at this node receives the lowest 
voltage in the system and must be kept above the statutory limit. This uncertainty must 
be taken into account and a correspondingly higher AVC voltage target needs to be 
applied [56], [57]. Accuracy of the SE can be enhanced by additional monitoring 
equipment on such networks. However, this requires further investment and increases 
the operational costs of the scheme. 
 
Advanced techniques using a local voltage controller were presented by Liew and 
Strbac in [53] who demonstrate the benefits of three coordinated network management 
methods. Generation curtailment, reactive power control and coordinated OLTC 
control are analysed from the point of view of maximising the penetration of DG in 
distribution networks. The SE application in this active voltage control scheme has 
been discussed in [29], [32]. The examination of three algorithms for the purpose of 
distribution system state estimation (DSSE) is presented in [58]. Issues such as the 
consistency and quality of each algorithm are discussed. Implementation of the 
statistical distribution state estimator into an active voltage management scheme is 
presented by Hird, Leite et al. in [50]. Thornley, Jenkins and White analyse 
performance of an active voltage controller based on DSSE with a minimum number 
of physical measurements. Results from the real network application of this scheme are 
presented in [59]. 
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A commercially available system using this technique is GenAVC [60]. The GenAVC 
system operates by taking voltages and power flow measurements at the substation as 
well as additional strategic locations across the network via communications links with 
RTUs. DSSE is used to evaluate voltages throughout the network and a desirable 
voltage target is determined for the primary transformer AVC [60].  
 
The local voltage controller enables efficient utilization of the network. The scheme 
can support a significant amount of DG whilst maintaining network voltage profiles 
within specified operating limits. The standard operating limits can be applied across 
the whole network as well as deploying specific limits for individual nodes when 
necessary.  
 
Some cost is associated with the implementation and operation of this scheme, 
however more importantly expensive reinforcement of the network can be avoided. 
Another disadvantage of the scheme is the static network model that is used for DSSE. 
Due to the fact that the network model is not coordinated with the current network 
state, the scheme will need to be disabled during abnormal configurations of the 
network and adjusted for any additional network connections. Consequently this may 
result in DG being temporarily constrained. 
 
5.8. Centralised Active Voltage Management 
 
The most comprehensive scheme, not only for active voltage control but also for ANM 
at the distribution level, is a scheme that can be embedded within the DMS. 
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A number of automation schemes already exist in DMS that improve reliability and 
enhance the performance of distribution networks. These schemes are used for 
switching operations and fault location purposes [47]. Communications from RTU’s 
located at secondary substations is based on single instructions and limited reporting 
rather than continuous operation as required for ANM [48]. In Fig. 5.8.1 a functional 
diagram of a centralized voltage management scheme based within a DMS is 
presented. 
 
Figure 5.8.1  Centralised voltage controller. 
 
The SCADA system collects measurements from RTUs located at strategic points in 
the network and sends this data to the DMS. The SE algorithm is used to evaluate 
voltage levels at all nodes. The DMS determines what action is required based on all 
collected and estimated information. Signals to adjust the voltage targets of AVC 
relays, modify generator outputs or change network configuration can be sent in order 
to maintain the optimum state of the network. 
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Even though the base infrastructure already exists, the transition from system 
automation to active control is challenging. In order to embed real-time voltage control 
within the control centre, significant amounts of voltage and power flow monitoring 
equipment needs to be installed across distribution networks and reliable 
communication channels for SCADA systems need to be provided. This will require 
substantial investment, which can be justified for networks with high penetrations or 
potential for DG. Nevertheless, the risk of a single point of failure needs to be taken 
into account.   
 
The major advantage of such a scheme is its ability to coordinate various elements and 
voltage levels of the system. Centralized DMS control has the ability to provide SE 
with actual network models and data. All network reconfiguration can then be easily 
updated and accurate SE is constantly achieved. Core voltage control however, should 
remain at the OLTC, thus providing the default control in the event of a major 
communication failure.  
 
5.9. Operational Voltage Limits for Active Network Management 
 
In order to ensure that all customers are maintained within statutory voltage limits the 
distribution network may be operated at a fixed voltage target at the primary substation 
busbars regardless of the load. The voltage target is usually set at 1.025 pu in order to 
maintain all customers above lower statutory voltage limit under maximum load 
condition and below the upper limit under minimum load condition. This practice is 
simple and effective in the network without DG. However, due to the fact that voltage 
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level in the network is constantly kept relatively high, it does not offer significant 
voltage headroom for the generator, especially under low load conditions.  
 
The objective of the active voltage control is to maximise the available capacity of the 
existing network infrastructure in order to support the connection of DG by 
dynamically adjusting the voltage target level to within acceptable limits. Improved 
system utilisation can be achieved by coordination of the voltage target at the 
substation and voltage profile on the network. Under low load conditions, voltage drop 
along the feeders is less significant and a lower voltage target at a substation can be 
applied. As a result more voltage headroom is available for a generator connected to 
the network. The main concern is to accurately estimate the voltage profile in a 
network under all conditions. A miscalculation in the altered voltage target can result 
in a voltage level excursion outside statutory limits. Even very powerful and accurate 
tools for distribution network voltage control, equipped with an efficient scheme and 
robust DSSE are burdened with considerable uncertainty in terms of load flow and 
consequently the voltage profile. This is due to the high dimensionality of distribution 
networks, uncertainty in the network model, and most significantly, low observability 
of the network. In order to prevent this situation operational voltage limits and safety 
margins need to be established.  
 
Furthermore, it is not viable to make all networks and all voltage levels “active”. It is 
rather expected that most LV networks will remain passive, as it is unfeasible to 
manually alter the tap position of a distribution transformer, and active network 
management will only cover MV distribution networks. Nevertheless, new 
technologies may emerge for the voltage control at LV levels, such as distribution 
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transformers equipped with on-load tap changers or demand side management. 
Moreover, implementation of smart meters at customers’ premises can provide 
valuable information about the voltage profile in the LV network. If voltage 
measurements from smart meters become available for network operation purposes, 
voltage control can be extended from the MV network to the LV network. 
 
At present only MV networks are primarily being considered to become active 
networks. Active voltage control incorporates voltage management at the primary 
substation, point of the connection of DG and the HV side of distribution transformers. 
With the use of techniques such as AVC, LDC, local voltage controller, DSSE and 
generator active and reactive power control, the network voltage headroom can be 
significantly increased. However, due to measurement and estimation techniques 
uncertainty, and the fact that the LV network is likely to remain passive, distribution 
networks cannot be operated near the statutory voltage limits. In order to make sure 
that all customers are maintained within the statutory limits, operational voltage 
constraints as well as safety margins need to be assessed and applied in active network 
management schemes.   
 
There cannot be a universal formula to calculate operational voltage limits due to the 
fact that each distribution network has been designed and operated under various 
standards. However, general patterns which can be applied are presented below.  
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Figure 3.6.1. Operational voltage limit for MV network voltage control 
 
Figure 3.6.1 indicates the fundamentals for the calculation of the operational voltage 
limits for the MV network and the settings of the AVC relay; voltage drop across 
distribution transformers has been neglected.  
 
The operational voltage limits for the HV side of the distribution transformer are 
determined by LV network design. One of the criteria in the network design is a 
maximum allowed voltage drop on LV network and on the customers’ service. This 
varies from system to system; however, 6% and 2% voltage drops respectively are 
commonly employed. That means that 8% voltage drop can occur, which indicates that 
the minimum voltage level to LV side of the transformer can not be maintained below 
1.02 p.u. Applying a similar policy but considering the closest customer to the 
transformer and minimum voltage drop, the maximum operational voltage limit can be 
assessed. Generally MV/LV transformers have the higher than nominal ratio in order 
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to provide a fixed voltage boost for the LV network and are fitted with an OLTS, 
typically in voltage regulation range of ± 5% in 2.5% steps. The OLTS position setting 
varies between utilities and LV networks, however, it is common to use tap position 2 
which gives voltage level at LV side at 1.06 p.u. at 1 p.u. incoming voltage. Taking 
into account the ratio and the tap position of the distribution transformer, the maximum 
operational voltage limit at the HV side of the transformer can be evaluated as 
presented in Figure 3.6.1. This node becomes the last control point in the distribution 
network. Even though this is an inoperative node, which is the case for all load nodes, 
the voltage measurement or voltage estimation allows control of this node via the 
voltage level at the primary substation busbars.  
 
For the common conditions and design rules as described above, the operational 
voltage range for a typical load node in the MV network is ± 4 % of the nominal 
voltage. Additionally, with the uncertainty in simulation results, DSSE performance 
and measurements need to be taken into account in order to ensure that these voltage 
limits are maintained.  
 
It is important to note that some customers (for example a generator) might accept 
higher voltage levels of up to 1.06 p.u. and for some load nodes (for example an 
abnormal distribution transformer tap position) an individual operational voltage limit 
needs to be applied. Active voltage control schemes with DSSE provide a capability to 
apply individual operational voltage limits for each node and any exception can be 
easily defined in the scheme. Conversely, an advanced AVC scheme cannot comply 
with individual operational limits and this needs to be considered at the design and 
simulation stage of the scheme for appropriate settings to be applied. In the active 
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voltage control scheme based on an RRTU, individual voltage limits can be achieved 
by installation of additional voltage measurement points on the network. The nodes 
which would require RTU installation need to be assessed at the design stage using a 
simulation tool.  
 
The key voltage control point in an MV network for an active voltage control scheme 
is still the busbar at the primary substation. The voltage level is adjusted by an AVC 
relay, which changes the tap position of the OLTC with the aim of achieving the 
required voltage target at the busbar. Performance and settings of the AVC, such as 
relay bandwidth, need to be taken into account in the voltage target calculation.  
 
Let us consider a random node without voltage measurement on the MV feeder, where 
the voltage level is to be maintained within ± 4 %. If uncertainty of the DSSE in 
voltage estimation at this node is 1% and the bandwidth setting of the AVC relay is 
±1%, in order to ensure that the voltage is kept below the upper operational limit the 
voltage target must be less than 1.02 p.u.. Similarly, the voltage target must be above 
0.98 p.u. to maintain the voltage at the node above 0.96 p.u. For simplicity in the 
above calculations the voltage drop along the feeder was neglected, however, the 
voltage control schemes must calculate this voltage drop and include it in the overall 
analysis. 
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5.10. Summary 
 
Either conventional network reinforcement techniques or ANM schemes for voltage 
control can be used to overcome issues associated with the connection of DG. Smart 
grid technologies such as active voltage control can provide an efficient and cost 
effective solution for many issues associated with the accommodation of DG in 
distribution networks.  
 
A number of aspects need to be considered before new ‘smart’ active network 
management technology can be implemented. Factors such as existing network 
infrastructure, load and voltage profiles, AVC schemes and their settings, the amount 
of DG connected with future DG growth, communication infrastructure, bandwidth 
requirements and capital cost. These need to be carefully analysed and therefore when 
considering active network management techniques, suitable and accurate assessment 
software is essential.  
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Chapter VI - SuperTAPP n+ Voltage Control Scheme and 
OCEPS n+ Assessment Software 
 
A number of active voltage control schemes for distribution networks have been 
discussed in the previous chapter. One was the advanced AVC scheme that is 
implemented in the SuperTAPP n+ relay. In this chapter the principles of operation, 
functionality, accuracy and application of the SuperTAPP n+ scheme are presented. 
New estimation methods for generator output calculation are proposed and the 
effectiveness of these techniques is evaluated based on real network measurements. 
Moreover, and specific to this thesis, the simulation software designed for voltage 
analysis in distribution networks and assessment of SuperTAPP n+ scheme operation 
in particular network scenarios is presented.  
 
6.1. Principles of the SuperTAPP n+ Scheme 
 
SuperTAPP n+ is a voltage control relay designed to control the voltage of 
transformers connected to a distribution network in which there may be distributed 
generation and related voltage management issues [45], [46]. The relay offers very 
efficient control for parallel transformers based on the ETAPP scheme that was 
discussed in chapter IV. Additionally, an innovative technique employed in the relay 
provides the ability to estimate output of the generator which is connected at a remote 
point on a feeder. 
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The SuperTAPP n+ scheme relies on the system voltage measurement, VTV , 
transformer current measurement, TXI , feeder measurements , FXI , as shown in figure 
6.1.1, and embedded algorithms in order to modify the effective voltage target to 
compensate for load related voltage drop along feeders and generator related voltage 
rise at the point of connection.  
 
 
Figure 6.1.1 SuperTAPP n+ scheme arrangement 
 
The control method employed by the device requires calculation of the summed load 
current at the node to which the device is connected and the injected current into the 
node from the distributed generator. The generator current estimation technique is 
derived from measured transformer currents, current measurement on the feeder with 
the generator and the load sharing ratio STE  of the feeders with distributed generation 
to those that do not have generators connected.  
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Where: 
STE - load ratio of the feeder with generators to the feeder without 
∑ TLI - sum of transformers currents 
FGI  - current on the feeder with generation 
  
This ratio is calculated prior to the connection of the generator or when the output of 
the generator is zero i.e. when 0=GI  and the measured current on the feeder is equal 
to the load current; 1FFG II = . Representing the sum transformer currents as follows: 
    21 TTTLTL IIII +==∑        (39) 
 
where the generator current GI can be determined as follows: 
 
( )( ) FGFGTLSTG IIIEI −−⋅=         (40) 
 
With the assumption that the load profile on the feeders is similar at all times, the STE   
ratio remains constant and a generator output can be determined.   
 
Using the estimated value of the current output of the generator GI , the voltage rise at 
the point of connection can be evaluated. Appropriate generator compensation bias, 
GV , can be applied and the effective voltage of the AVC is modified. The generator 
compensation bias is calculated in reference to the voltage rise at the maximum 
generator current GMAXI  as shown in equation (41). 
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The calculated generation voltage bias corresponds to the necessary voltage reduction 
at the substation in order to bring the voltage level at the point of connection of DG 
within statutory limits. However, the bias is offset by the acceptable voltage drop on 
the remaining feeders.  
 
The additional advantage of this method is improved performance of LDC. In a 
network that supplies only load customers, the load current is equal to summed 
transformer currents, as in equation (39), and LDC is applied in proportion to this 
current.  However, when a distributed generator is exporting power into the network, 
the summed transformers current does not represent total load at the network and is 
reduced by the generator injected current. As a consequence the LDC voltage bias is 
also incorrectly reduced. 
 
In order to eliminate the error from the LDC performance caused by DG, the generator 
current is removed from the summative transformer current ITL and true load current is 
calculated as follows: 
 
( ) ( ) ( )STFGTLGTLLOAD EIIIII +⋅−−−= 1        (42) 
 
The LDC voltage bias calculation which is based on the true load current LOADI  is not 
affected by the generator output and the LDC performance on the network with DG is 
significantly improved.   
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The SuperTAPP n+ scheme, with the provision of the LDC voltage bias and the 
generator voltage bias, is able to estimate the voltage drop along the feeder caused by 
the load current as well as voltage rise caused by the DG export at the point of 
connection in real time. These two voltage biases along with any circulating current 
voltage bias and basic target voltage are used to calculate the effective voltage target 
required to optimise the voltage profile on the network and minimise any circulating 
current. Thus, in the SuperTAPP n+ scheme equation (32) takes the following form: 
 
GNETSITELDCTARTAR VVVVVV ++++='   (44) 
 
6.1.1.  Advantages and Disadvantages of the Scheme 
 
The main advantage of this scheme is that all measurements are taken locally and there 
is no need for remote measurements. This, as well as simplicity of the scheme and the 
fact that an AVC relay is a fundamental piece of equipment required in every 
application, make it a cost effective and easy to install solution.  
 
However, as the scheme relies on local measurement and estimation techniques it is 
subject to some errors. Due to the fact that both generator compensation bias and the 
LDC voltage bias calculation are based on the EST ratio, any deviation of this factor 
from the set value introduces an error in the AVC target voltage. Figure 6.1.2 shows an 
example of the load profile on an 11 kV substation over a week [38]. The bottom line 
on the plot represents load current on the feeder prior to the connection of the DG. The 
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line in the middle represents the total load on the substation. Under ideal circumstances 
the load on each feeder, and consequently the load on the substation, follow the same 
pattern and the ratio EST is constant. In real systems there are some discrepancies in the 
load current ratio on the feeders which are reflected in fluctuation of the factor EST.  
The magnitude of variation in EST is represented by the top line in figure 6.1.2 with the 
values on the right-hand axis.  
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Figure 6.1.2 Load profile on the substation and EST ratio fluctuation. 
 
In the example above the average STE ratio is 0.35 with the deviation approximately 
±20 per cent. The range of variation in the STE  ratio varies from network to network 
and it is influenced mainly by the character of the load on the feeders. For the feeders 
with the majority of the residential customers it tends to be less significant, whereas 
for the feeders with a considerable amount of commercial and industrial load, variation 
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in STE has a tendency to increase. The data collected from SuperTAPP n+ trials and 
various distribution networks showed that under the latter condition it might rise to 
±35% of the average value. 
 
Another factor which affects generator voltage bias calculations and efficiency of the 
SuperTAPP n+ scheme is the amount of generation on the feeder. When the amount of 
DG is a small proportion of the feeder load, the change in STE , caused by DG, is also 
low. Any deviation in the load ratio from the set value introduces significant error. As 
the DG share in the feeder load increases, the error in the voltage bias calculation 
reduces. The curves in figure 6.1.3 correspond to various DG to load ratios and the 
generator voltage bias errors for a range of STE  deviation.  
  
Figure 6.1.3 Voltage Bias Error in respect to generator to load ratio on the feeder 
and STE deviation 
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It can be observed that the voltage bias error can become considerable, even at the 
STE deviation in the range of ±20% reaching 70%, when insignificant amount of DG is 
being connected on the feeder.  However, in that case zero or minimum voltage rise 
occurs and generation voltage bias is not required. On the distribution network with a 
generator operating at unity power factor, the voltage rise effect becomes a problem 
when the generator output becomes a significant portion of the load on the feeder, 
possibly exceeding demand. Under these conditions the generator output to load ratio 
is more than 80%. Taking into consideration the STE  with a variation in the range of 
20%, the maximum error introduced in the SuperTAPP n+ performance does not 
exceed 20% [61].  
 
Further improvement of the generator output estimation technique can be achieved 
with additional feeder measurements. In a network where significant changes in the 
load ratio STE  are observed it can be beneficial to remove the dissimilar load, which 
affects the load ratio, from equation (38). The feeder measurement which supplies this 
load can then be excluded from the calculation and the error in the estimation 
technique can be reduced. Alternatively, a feeder or feeders with similar load profiles 
to the feeder with DG can be used to determine the STE  factor. In that case equation 
(38) takes form as follows: 
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The SuperTAPP n+ scheme has an ability to accommodate numerous DGs on a 
network and estimate their output using local measurements. Generation can be 
connected on different feeders and current measurement is required on each of them. 
However, at the substation with multiple generators connected on various feeders, at 
least one feeder with no generation is essential. This is due to fact that the reference 
load is required for the estimation technique and only a feeder with no DG can be used. 
The accuracy of the SuperTAPP n+ estimation of the generators’ output connected on 
multiple feeders is dependent on how closely the reference load represents the load 
profile on all the feeders with DG.  
 
In order to maximise the utilisation of a distribution network with DG using 
SuperTAPP n+ scheme and prevent any voltage rise above the statutory limit, it might 
be required to install additional over-voltage protection system at the point of 
connection of the generation. At the time when the scheme is not able to maintain the 
required voltage, either due to a lack of voltage headroom on the network or generation 
estimation erroneousness, the over-voltage protection system sends a signal to curtail 
DG until the voltage is restored to an acceptable level.  
 
6.2. New Generator Output Estimation Techniques 
 
The load ratio STE , which is currently used in the SuperTAPP n+ scheme, is 
determined at the network analysis stage and applied into the relay when the AVC 
scheme is commissioned. The generator output estimation is based on transformer and 
feeder current measurements and a fixed STE  value. The only factor affecting accuracy 
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of the scheme is fluctuation in this parameter. As has been discussed above, the load 
ratio in distribution networks is not constant and can significantly diverge from the set 
value.  
 
With the aim of improving the efficiency and accuracy of the estimation technique, 
two new methods to calculate generator current injection at the remote point on the 
feeder are presented in this section. Both methods are still based on local 
measurements. However, relationships between the active and reactive components of 
the measured currents are used.  
 
6.2.1.  Dynamic Load Ratio 
 
This method is based on the dynamic load ratio, DYE . Unlike the estimation method 
based on load share ratio STE between the feeders that needs to be evaluated when 
generator output is zero, the DYE  parameter is updated continuously. Calculation of the 
dynamic load ratio DYE  is based on the premise that load power factor on the 
substation and on individual feeders is similar and the fact that distributed generation 
operates at unity power factor.  
 
The load share between the feeders with generation and those without can be 
calculated using reactive components of the summed transformer current TLI  and 
current on the feeder with DG FGI . This calculation is as follows: 
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This parameter is then used to estimate generator output current as in equation (40), 
replacing the static load ratio STE  with the dynamic ratio that gives: 
 
( )( ) FGFGTLDYG IIIEI −−⋅=     (47) 
 
The advantage of this method is that the load ratio does not have to be changed in the 
relay if the load on the network changes, as it is a case for static load ratio algorithms. 
These changes are reflected in the local measurements and automatically used by the 
relay.  However if additional ‘new’ load is added, the reactive current will also 
increase in proportion resulting in the change of the DYE . As this is a predictable 
change suitable adjustment would be made to avoid any errors in the measurements. 
Additionally, the method using DYE  is susceptible to power factor deviations that 
affect the estimation accuracy. 
 
6.2.2.  Constant Power Factors 
 
It has been described in previous chapters that the power factor on the distribution 
networks without generation is fairly constant [29], [36]. It is also common practice 
that DG is requested to operate at fixed power factor. The second method, called 
constant power factors, uses these two statements and the generator current output is 
calculated as follows:  
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With the assumption that load power factor is constant the term ( )( )TL
TL
I
I
Im
Re
 has a fixed 
value and with the assumption that generator operates at fixed power factor, the term 
( )
( )FG
FG
I
I
Im
Re
 becomes a constant. Thus, the generator output can be calculated using the 
current measurement on the feeder with DG and two constants LOADC  and DGC as 
follows: 
( ) ( ) ( )[ ] DGFGLOADFGG CICII ⋅−⋅= ReIm     (49) 
 
As the generator current output calculation relies on a constant power factor for both 
load and generation, any deviation from the set value of either will cause an error in 
the estimation.  
 
6.2.3.  Simulation Results of Dynamic and Constant Power Factor Ratio 
 
The simulation results based on the SuperTAPP n+ and the real network data have 
been used to investigate consistency and accuracy of the proposed generation 
estimation methods and compare the results with the estimation technique based on 
static load ratio. A three day sample of the simulation results is shown in figure 6.2.1.  
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Figure 6.2.1 Generation estimation technique comparison. 
 
Generation estimation techniques based on static, dynamic and constant power factors 
are represented by the green, red and blue lines respectively. The black line 
corresponds to the measured generator output at the point of connection. It can be 
observed that all three estimation methods have some errors. The least consistent is the 
technique based on DYE . Estimation based on STE  tends to overestimate generator 
current injection to the network between 15:00 and 01:00. The constant power factors 
method, in this case is the most accurate, the generator output closely following the 
black line in the figure 6.2.1.  
 
It has been observed that, depending on the network conditions, load profile on the 
feeders, generator operation regime and load power factor, one of the three proposed 
estimation techniques can provide better accuracy than the others. For each network 
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detailed analysis is necessary to select the most suitable technique in order to ensure 
the most accurate generation estimation based on local measurements.  
 
The new methods offer alternative estimation techniques that can be used in the 
SuperTAPP n+ scheme to calculate generator current injection at the remote point on 
the feeder based on local measurements. The SuperTAPP n+ relay system has been 
design to facilitate multiple current measurements and each measurement can be 
programmed for a particular use. In this way it is a simple task to modify the program 
code for alternative estimation techniques. Both methods have been implemented in 
the SuperTAPP n+ relay and will be tested at SuperTAPP n+ trials to evaluate their 
functionality and accuracy in real networks. 
 
6.3. SuperTAPP n+ Simulation Software 
 
When the SuperTAPP n+ scheme is to be used to increase the ability of a network to 
accommodate DG, a detailed investigation of the network characteristics is performed. 
Several factors such as the load profile on the feeders, variation of EST, and required 
generator and LDC voltage biases are considered in order to guarantee effective and 
secure performance of the SuperTAPP n+ scheme.  
 
Appropriate simulation software has been developed to provide an efficient tool for the 
SuperTAPP n+ scheme assessment and its potential performance on a particular 
distribution network.  The SuperTAPP n+ assessment software is based on the OCEPS 
load flow software combined with the load and voltage drop estimation techniques, 
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advanced AVC scheme and SuperTAPP n+ functionality. It uses a model of the 
network and historical SCADA data in order to estimate performance of the scheme in 
a particular network scenario over a period of time. The output of the software 
indicates the amount of DG that can be connected, the period of time when the scheme 
is able to accommodate the required amount of DG and when the DG export needs to 
be curtailed. It also indicates any possible violation of the voltage limits. Moreover, the 
software assists with the selection of appropriate SuperTAPP n+ settings and 
assessment of their effect on the performance of the scheme.  
 
6.3.1.  M-OCEPS Software 
 
The design of distribution networks has conventionally been based on worst case 
scenarios. For the network with load customers only, maximum and minimum load 
conditions are studied. When a generator is to be connected on the network four 
extreme conditions must be considered such as maximum load-no generation, 
maximum load-maximum generation, minimum load-no generation and minimum 
load-maximum generation. To assist network planning engineers with the network 
analysis load flow software to evaluate steady the state of the system is commonly 
used.  
 
Commercially used load flow packages, such as OCEPS, DINIS [62], GROND etc., 
are suitable tools to solve these four steady states of a particular network with the 
design of a passive distribution network. However, these simulation programmes 
become ineffective when an active approach to the operation of a distribution network 
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is adopted. The active approach requires analysing many steady states of the network 
under various load and generation conditions. Additionally, these results need to be 
examined for any violation of a number of parameters. Using standard load flow 
programmes it would be very time consuming and in many cases unfeasible. 
Therefore, an appropriately designed simulation package is required for analysis and 
design of active distribution networks.  
 
The M-OCEPS software has been developed to enable efficient analysis of distribution 
networks with distributed generation from the active voltage control point of view, 
particularly for 11 kV networks. The software has been designed to utilise the 
information available on distribution networks in conjunction with historical data. 
Additionally, the SuperTAPP n+ scheme model has been implemented into the 
software creating an efficient assessment tool for the scheme [63]. The simplified 
model of the M-OCEPS software with the SuperTAPP n+ model is shown in figure 
6.3.1. 
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Figure 6.3.1  Overview of M-OCEPS software.  
 
6.3.2.  M-OCEPS Software Development and Functionality 
 
The M-OCEPS software is based on the load flow algorithm described in Chapter IV. 
However, a number of functions have been added to make it suitable for active voltage 
control analysis. The software reads additional input files and creates three output files 
that include simulation results in an easy to analyse format. Feeder arrangements and 
feeder load estimation algorithms give practical information about load flow and 
voltage profile on individual feeders and a user interface allows various scenario 
related settings. 
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6.3.3.  Input Files   
 
Two input data files are used in M-OCEPS software: network model and SCADA 
measurements. Both files have been arranged to maximise information which is 
available from the DNO’s database and SCADA system.  
 
The network model input file consists of typical information about branches, nodes, 
transformers and the arrangement of a distribution network. This data may be extracted 
from the DNO’s database or the load flow package. If the network model is not 
available, cable and overhead line parameters can be obtained from a GIS 
(geographical information system) database and transformer and load parameters from 
an asset management database. An example of this file is presented in appendix A.  
Each branch is described by impedance and shunt admittance and connection nodes. 
Additionally a rating of a line and BRANDCOD (see table 4.1.1) needs to be specified. 
Nodes are described by type as follows; 1 for Slack, 2 for PV and 3 for PQ. All load 
nodes are not characterised by the P and Q as it is common in the load flow software 
but by rated power of the distribution transformer, maximum demand (MD) recorded 
on the secondary substation and power factor. This is in order to maximise accuracy in 
load allocation on the feeder. If an MD reading is not available, maximum demand is 
assumed to be half of the rated power (according to the design standard stated in 
engineering recommendations). Transformers are characterised by the parameters 
presented in table 4.1.1.  
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In order to achieve simulation results as accurately as possible for a distribution 
system, any network measurement which is available via SCADA can be integrated 
into the software calculation. The SCADA data can be exported in a standard format 
and included into the input file. Typically, at the local substation level, voltage with 
transformer and feeder currents are available. Additionally, if any remote 
measurements are accessible they can be included in the SCADA input file. An 
example of the SCADA input data file is also presented in appendix B.  
 
In the heading of the SCADA data file, information about the number of transformers, 
feeders and remote measurements that are used for simulation is presented. Branches 
for any current measurement and nodes for any power or voltage measurement are 
specified in the following section in order to link real measurements with the network 
model. The main body of the file contains all measurements, starting with the time and 
date of the measured sample. A list of the typical measurements in a SCADA input 
file, along with required unit and the most commonly available time intervals is shown 
in table 6.3.2. 
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SCADA data Description and unit Available time interval  
Time Sample Date and time of the measurement [dd/mm/yy hh:mm] N/A 
Side Demand 
Apparent power recorded at the 
substation 
[MVA] 
Average Half-hourly,1 
minute 
Transformer P Transformer real power measurement  [MW] 
Average Half-hourly,1 
minute 
Transformer Q 
Transformer reactive power 
measurement  
[MVAr] 
Average Half-hourly,1 
minute 
Transformer S 
Transformer apparent power 
measurement  
[MVA] 
Average Half-hourly,1 
minute 
Transformer Current Transformer Current measurement [A] 1 minute 
Transformer Voltage Transformer voltage measurement  [kV] 
Average Half-hourly,1 
minute 
Feeder measurements Feeder current measurement in  [A] 1 minute 
Load P 
Real power measurement (usually 
industrial customers are metered)  
[MW] 
Average Half-hourly  
(1 minute with smart meter) 
Load Q 
Reactive power measurement (usually 
industrial customers are metered) 
[MVAr] 
Average Half-hourly 
(1 minute with smart meter) 
Generator P 
Real power measurement (usually 
generators are metered)  
[MW] 
Average Half-hourly 
(1 minute with smart meter) 
Generator Q 
Reactive power measurement (usually 
generators are metered)  
[MVAr] 
Average Half-hourly 
(1 minute with smart meter) 
 
Table 6.3.2 SCADA data input file measurements 
 
To obtain satisfactory simulation results for a radial distribution network each feeder 
current measurement is required. Transformer P and Q measurements can be used to 
calculate load power factor and update the power factor from the network model. 
These with transformer voltage measurements and the historic performance of the 
existing AVC scheme, the current and voltage profile on the network can be analysed. 
Remote measurements can significantly improve accuracy of the simulation and 
should be used where available.  
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6.3.4.  SuperTAPP n+ Model in M-OCEPS 
 
The SuperTAPP n+ relay model, its functionality and algorithms as described in the 
above sections have been developed and implemented into the M-OCEPS load flow 
software. The enhanced TAPP model as presented in section 4.8 is used to calculate 
the effective voltage target with the modification as shown in equation (44).  
 
In order to execute the SuperTAPP n+ scheme in OCEPS software the AVCSC 
parameter is set to 2=AVCSC  and one or more additional measurements need to be 
specified using parameter FEEDERM as presented in table 6.3.1. Additionally, if the 
EST parameter is specified, a generator estimation algorithm based on static load ratio 
is used. When the EDY parameter is set to 1, the estimation algorithm based on 
dynamic load ratio is activated and two constants CLOAD and CDG are set. The 
generator output is calculated using equation (49) when EDY parameter is set to 2. 
 
FEEDERM  
value Measurement Function 
0 Measurement not in use 
1 Transformer measurement 
2 Feeder with DG measurement 
3 Direct generator measurement 
4 Excluded measurement  
 
Table 6.3.1 Measurement in SuperTAPP n+ model 
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6.3.5.  Load Flow in Radial Distribution Networks 
 
As has been discussed in previous chapters, 11 kV distribution networks have 
relatively high X/R ratio compared to transmission networks and are operated in a 
radial manner. This poses a number of challenges for the load flow algorithms. A 
number of methods for radial distribution network load flow solutions have been 
proposed. A technique based on ladder-network theory was developed by Kresting et 
al. [64] and a modified fast decoupled method by Rajicic and Tamura [65]. Techniques 
based on receiving-end voltages are presented in [66] and [67] and an iterative method 
is presented in [68]. The proposed methods offer a range of effectiveness, 
computational requirements and differ in convergence rate. 
 
The OCEPS software is based on a Newton-Raphson algorithm and partitioned-matrix 
approach to the Jacobian equation developed by Irving and Sterling [38]. Even though 
it may require more computational effort than the techniques mentioned above, it is 
proven to be a highly efficient algorithm for the solution of distribution networks, also 
for difficult or ill conditioned load-flow problems. This numerical method is also 
applicable for use in state estimation and dynamic simulation.  
 
M-OCEPS has been developed to enable the incorporation of network measurements 
into OCEPS. Furthermore, functions for feeder arrangement detection, load scaling, 
load estimation and voltage headroom calculation etc. have been added and are 
described in the following section.  
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6.3.6.  Feeder Arrangement and Load Scaling  
 
The most significant challenge for the distribution network analysis is the small 
number of measurements that can be gained from the 11 kV and LV system. Generally 
customer loads are not measured and secondary substations are not equipped with any 
current or voltage monitoring equipment. In the absence of this data, in the simulation 
analysis, real and reactive power values for the load nodes are treated as pseudo-
measurements. Therefore, before a steady state of the network can be obtained, this 
load data must be estimated.  
 
A number of load modelling techniques have been recently proposed for power flow 
analysis to facilitate a distribution state estimator in active network management. To 
improve the accuracy of load estimation various data such as billing information, 
customer information, typical load characteristics, load survey and demographic 
information may be used as proposed in [69] and [70]. Modelling of pseudo 
measurements based on a probabilistic approach was presented by Ghosh, et al. [71]  
and based on load probability density functions as discussed in [73]. 
 
Currently, the most common technique of load estimation used by distribution 
planning engineers for 11 kV systems is feeder load scaling [16]. This feature allows 
the adjustment of individual load nodes to match a specified total feeder load. 
Commercial load flow packages offer this method with a function that allows selection 
of the loads that are to participate in the feeder scaling procedure [74], or the adding of 
load measurement data if available [75].  
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A modified load scaling functionality has been implemented in M-OCEPS software. It 
is based on primary substation feeder measurements and maximum demand recorded 
or the rating of the distribution transformers if a maximum demand reading is not 
available. For each node without power measurement the expected value is calculated. 
The load for each secondary substation is scaled in proportion to the feeder current 
measurement, summed maximum demands of all secondary substations fed by the 
feeder and the maximum demand at the substation in the formulation are as follows:  
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Where iS  and )(, FXiMDS  are the expected value of power demand and maximum 
demand of the ith node respectively. If the MD is not available, load is scaled in 
proportion to the 50% value of the transformer rating. Power measurement on the Xth 
feeder, )(, FXMS , is determined from the feeder current , )( FXMI , and voltage , VTV , 
measurements at the primary substation as follows: 
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The real and reactive components of the load for the pseudo measurement is calculated 
as follows: 
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Power factor, FPF , can be specified for the substation or can be calculated from 
transformer P and Q measurements if available. The power factor for the individual 
nodes iPF  can be specified in the input file or it can be updated to match calculated 
value of FPF . 
 
This load estimation technique provides adequate results for a load flow analysis of the 
distribution network. Information such as feeder current measurements and 
transformers ratings or MD are available from the SCADA system. The accuracy of 
this technique can be affected by the industrial and commercial loads which do not 
follow typical load curve characteristics. However, as these customers are usually 
measured, the accuracy of load estimation on a feeder can be improved by replacing 
pseudo measurements with real measurement data for the nodes where these 
measurements exist.  
  
An additional drawback of this technique is its inability to provide a measure of 
uncertainty regarding the estimates [69]. The load flow results based on load scaling 
can provide accurate results, however, it is not possible to assess their precision. In 
terms of active voltage control this implies that the security margins may not be fully 
evaluated. In the load estimation technique, which has been developed for voltage 
profile analysis for the active voltage management, this issue has been eliminated. This 
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technique has been implemented into M-OCEPS software and is described in the 
following section.    
 
6.3.7.  Load Estimation in M-OCEPS  
 
In order to investigate the relationship between load on the distribution transformer 
and load on the feeder supplying this secondary substation, monitoring equipment at 
several secondary substations have been installed recording real and reactive power 
and voltage. These measurements have been correlated with corresponding feeder 
current measurements.  
 
To analyse the correlation of demand on the distribution transformers with respect to 
the feeder current measurement, load on the feeder FL  was represented by the 
measured value of the feeder current to the maximum demand on the feeder as follows:  
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Similarly the load on the transformer PTL was represented as the recorded demand 
value on the transformer to the maximum demand on the feeder as follows: 
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Under ideal circumstances where all distribution transformers equally share load on the 
feeder with proportion to the their MDs, load on the power transformers, factor PTL , is 
equal to load on the feeder factor, FL . 
 
However, in the real network, load distribution on the feeder and between secondary 
substations varies depending on types of load, time, weather etc. To analyse this 
correlation a PDF of recorded distribution transformer measurements at particular 
loads on the feeder was employed. An example of a PDF for real network 
measurements is shown by the bar charts in figure 6.3.2 and figure 6.3.3 for the feeders 
supplying a majority of domestic and a mixture of domestic and commercial load 
respectively.  
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Figure 6.3.2 Probability density function of load demand on the distribution 
transformer supplying mixture of domestic and commercial load with 
respect to feeder measurement  
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Figure 6.3.3 Probability density function of load demand on the distribution 
transformer supplying domestic load with respect to feeder measurement  
 
 
It can be observed in the figures above that the peak value of the probability density 
function of the load on distribution transformer, PTL , for each value of the load on the 
feeder, FL , and its value match fairly closely in most of the cases. An increase in the 
latter is also reflected in an increase in the former. However, a significant variation 
from the mean value is also present.   
 
The results obtained from the above analysis can be used to accomplish two objectives. 
Firstly, to represent the possible variation of the load on the distribution transformers 
at the particular value of the load on the feeder in order to assess maximum voltage 
change. Secondly, to quantify the level of uncertainty of this estimation technique. 
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The results presented in figures 6.3.2 and 6.3.3 indicate the variation of the load which 
can occur on the secondary substation from the expected value which is calculated 
using equation (50). Minimum and maximum power that can be absorbed at the 
specific feeder measurement is evaluated as shown in equations (56) and (57) 
respectively: 
iC
MINLC
iiiMIN DF
F
SSS
,
_
,
⋅−=    (56) 
iC
MAXLC
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,
_
,
⋅+=    (57)  
Inequality constraints: 
iiMIN SS ≤≤ ,0     (58) 
iiMAXi MDSS ≤≤ ,     (59) 
 
Where MINLCF _  and MAXLCF _  represent minimum and maximum uncertainty 
coefficients of the load class (LC) and DFC,i is the load density factor for ith node. The 
MINLCF _  and MAXLCF _  is specified for each node individually or for a load category. 
For example, for the node supplying mostly residential load MINLCF _ n is equal to 0.5 
and MAXLCF _  is equal to 1. This means that load at this substation may vary from 50% 
to 200% of the scaled value, iS . An uncertainty range can be reduced by the DFC,i 
factor. For instance, the greater the number of customers connected to the node, the 
more closely the load profile at the node follows the load profile on the feeder, since 
the load is more diversified [10]. As a result, a diversity factor can be used to reduce 
uncertainty in the load estimation process.  For the feeders supplying commercial load 
the minimum and maximum uncertainty coefficients should be increased to reflect the 
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nature of the load and the fact that this type of load has a different characteristic. For 
the industrial loads, if measurement data is not available, MAXLCF _  coefficient should 
be equal to the maximum demand of the node and the MINLCF _  coefficient should be 
equal to the minimum demand of the node. With these coefficients, the load is treated 
as on or off depending on the feeder measurement and the remaining load on the 
feeder.  
 
6.3.8.  Estimated Voltage Profiles on the Feeder 
 
Due to uncertainty in pseudo measurements, accurate load distribution and precise 
voltage profile on a feeder is difficult to evaluate. A standard state estimation 
technique deals with this issue by calculating maximum and minimum possible voltage 
level for each node. The node with the lowest predicted voltage level is the node where 
maximum voltage drop is expected.  
 
Analysing an 11 kV distribution network and taking into consideration radial 
arrangements of a feeder, it is not always necessary to estimate voltage variation at 
each node on the feeder, but to identify a range of possible voltage levels on the feeder 
under consideration for particular load conditions and the node where the maximum 
voltage level occurs.  
 
The proposed method for voltage analysis in distribution network estimates the 
maximum voltage drop which can occur on the feeder as well as maximum voltage rise 
at the point of connection of the generator for particular feeder current measurements. 
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Additionally, the maximum voltage variation at the particular node specified by the 
user can be estimated. This method is based on the load estimation process described 
in the previous section. The estimated minimum and maximum load values for each 
node, iMINS ,  and iMAXS , , line and cable impedances as well as connections between the 
nodes are used to determined the maximum voltage change on the feeder.   
 
The voltage drop along the feeder can be derived from equation (3) and given by: 
 
( ) ( )
V
jQPjXRIjXRV ++=+=∆     (60) 
 
Modifying equation (60) and assuming that the operational voltage is close to 1 p.u. it 
is seen that the voltage drop depends on the line impedance and power absorption as 
follows: 
ii SZV ⋅=∆      (61) 
 
The ‘voltage drop moment’ iVM  can be defined as a product of power absorption at 
the ith node, iS , and sum of impedances of the lines from the primary substation to this 
node as follows:  
∑
=
⋅=
i
n
iii ZSVM
0
     (62) 
 
It can be found that nodes with the highest voltage drop moment make the greatest 
contribution to the voltage drop on the feeder. For example nodes at the end of the 
feeder (high impedance seen from the substation) with a high load.  
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Using this assessment technique, two extreme load distribution conditions on the 
feeder from the voltage profile point of view can be seen; the maximum and the 
minimum voltage change on the feeder. The maximum possible voltage drop on the 
feeder is evaluated by applying the maximum estimated load value, iMAXS , , at the 
nodes with the highest iVM  factor and the minimum estimated load value iMINS ,  at the 
nodes with the lowest iVM  factor. The summed load of all nodes with losses on the 
feeder needs to match the measured feeder current. To evaluate the minimum voltage 
change on a feeder, at the same feeder current measurement, the load distribution on 
the feeder is arranged by applying the maximum estimated load value, iMAXS , , at the 
nodes with the lowest iVM  factor and the minimum estimated load value iMINS ,  at the 
nodes with the highest iVM  factor.  
 
To illustrate this load and voltage profile estimation techniques in the M-OCEPS 
software the simple network with a single feeder as presented in figure 6.3.4 has been 
used. The feeder is supplying 10 secondary substations equipped with 800 kVA 
distribution transformers. The maximum demand on each transformer is assumed to be 
half of the transformer rating and all the loads to be the same category. 1 MW of 
generation is being considered, connected to node 11. Each connection between the 
nodes has the same impedance parameters. The feeder current measurement, 
represented by the power flow in the line between node 2 and 3, is used to estimate 
load on the individual distribution transformers. A simulation has been performed with 
four settings of the uncertainty factors as presented in table 6.3.2 
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Figure 6.3.4 Single feeder system used for voltage profile analysis 
 
The expected power demand on the nodes is calculated using equations (50-54) with 
the feeder current measurement equivalent to 1000 kVA. As all the transformers have 
the same MD, the expected power demand at each node has the same value and equals 
approximately 100kVA.  
 
Firstly, the possible voltage profiles on the network without generation are analysed. 
Simulations are then performed with various load uncertainty factor settings for the 
load estimation algorithm and the obtained results are presented in figure 6.3.5. 
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Load scaling: Lfc_min=100%, Flc_max=100% 
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Figure 6.3.5 Estimated voltage profile on the feeder without DG with various 
MINLCF _  and MAXLCF _  factors 
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The black line represents typical load scaling of the load on distribution transformers 
with respect to feeder measurement. Both load uncertainty factors are equal to 100% 
and do not affect the load distribution on the feeder.  
 
The load estimation algorithm is enabled when load uncertainty factors MINLCF _  and 
MAXLCF _  are set up. In the first case the load on the distribution transformers is set to 
change from 75% to 150% of the estimated value of iS  and the minimum and 
maximum load values for each node, iMINS ,  and iMAXS ,  are calculated using equations 
(56) and (57). Two load distribution conditions on the feeder are arranged; one to 
evaluate the maximum voltage drop on the network and second to evaluate the 
minimum voltage drop on the feeder.  In the first case, the maximum estimated load 
iMAXS ,  is allocated to nodes with the highest iVM  factor, that is, the three nodes at the 
end of the feeder. In the second case, the maximum estimated load iMAXS ,  is allocated 
to nodes with the lowest iVM  factor, i.e. the three nodes closest to the primary 
substation. The load allocation to the all nodes is shown in table 6.3.2.  
 
The voltage profiles on the feeder obtained from these two load distribution conditions 
is shown by the blue lines in figure 6.3.5. It can be observed that the voltage drop on 
the feeder may vary between 0.962 and 0.971 p.u. and this occurs at node 14.  
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Settings 
 
MINLCF _ =100% 
MAXLCF _ =100% 
MINLCF _ =75% 
MAXLCF _ =150% 
MINLCF _ =70% 
MAXLCF _ =170% 
MINLCF _ =60% 
MAXLCF _ =200% 
Allocated iS  
[kVA] 
Allocated iS  
[kVA] 
Allocated iS  
[kVA] Node Allocated iS  [kVA] 
MAXV  MINV  MAXV  MINV  MAXV  MINV  
3 100 75 150 70 170 60 200 
4 100 75 150 70 170 60 200 
5 100 75 150 70 170 60 180 
6 0 0 0 0 0 0 0 
7 100 75 100 70 70 60 60 
8 100 75 75 70 70 60 60 
9 100 75 75 70 70 60 60 
10 100 100 75 70 70 60 60 
11 0 0 0 0 0 0 0 
12 100 150 75 170 70 180 60 
13 100 150 75 170 70 200 60 
14 100 150 75 170 70 200 60 
 
Table 6.3.2 Load allocation on the feeder under various load estimation settings 
 
By increasing MINLCF _  and MAXLCF _  factors to 70% and 170 % respectively, a larger 
imbalance of load distribution on the system can take place resulting in a greater 
voltage variation. With these load estimation settings, the voltage drop on the feeder 
may vary between 0.961 and 0.973. The possible voltage variation increases further as 
the load estimation setting increases. However, for a load variation of between 60% 
and 200% it can be observed that the change in the maximum voltage drop on the 
feeder in less significant. The minimum voltage level at node 14 is of 0.960 compared 
to 0.961 for the previous case.  
 
CHAPTER VI - SUPERTAPP N+ VOLTAGE CONTROL SCHEME AND OCEPS N+ 
ASSESSMENT SOFTWARE 
 150 
A similar process can be carried out to investigate voltage profile on the feeder with 
DG. However, the point of connection of the generator is specified as the reference 
node for the load distribution on the feeder and this node in not included in the load 
distribution process. Instead, a fixed value for generator power injection, for example 
the maximum export capacity of the proposed connection, is used. For the simple 
network presented in figure 6.3.4 the same load distribution conditions for the load 
uncertainty coefficients are applied, but in a more complex feeder configuration it 
might not be the case. The voltage profiles on the feeder with DG exporting 1 MW for 
various MINLCF _  and MAXLCF _ coefficients are shown in figure 6.3.5. 
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Figure 6.3.5 Estimated voltage profile on the feeder with DG with various load 
estimation settings 
 
It can be assumed that highest voltage rise takes place for the load estimation settings 
between 60% and 200% and the maximum estimated load iMAXS ,  allocated to 
substations close to the source of the feeder. This voltage profile is represented by the 
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red solid line.  In can be concluded that the voltage at the point of connection for the 
feeder current measurement is above 1.011 but below 1.019 p.u.  
 
The load estimation technique and voltage profile analysis discussed above provide 
practical information relating to predicted voltage levels on the distribution network. 
By increasing MINLCF _  and MAXLCF _  coefficients the confidence that the voltage on the 
network will be within the predicted values increases. In order to estimate the 
probability of the occurrence of the voltage outside these values, probability density 
functions and Monte-Carlo simulation have been used.  
 
The PDFs for the feeder supplying a high proportion of domestic load, presented in 
figure 6.3.3, have asymmetrical bell shaped curves. For a feeder supplying a mixture of 
domestic and commercial load, shown in figure 6.3.2, the asymmetry in the PDF shape 
is more significant. It is apparent that no standard distribution function can fit the 
curves in these two figures. However the gamma distribution with two-parameters; a 
scale parameter θ and a shape parameter k, as shown in figure 6.3.6, represents the 
curves satisfactorily and can be used for probability analysis [76].  
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Figure 6.3.6 Example of Gamma PDF for load on secondary substation with the 
100=PTL  kVA 
 
The parameters of the gamma distribution have been selected to cover a load variation 
on the distribution transformers from 50% up to 400% of the PTL  at a given value of 
load on the feeder, FL . For the system presented in figure 6.3.4 the PDF as presented 
in figure 6.3.6 was used.  
 
As load distribution and thus voltage profile is dependent on a number of factors such 
as transformers rating, recorded values of maximum demand, number of load 
customers and impedance parameters of the lines etc., several realistic feeders have 
been analysed. The gamma distribution was used to represent the probability of the 
load demand on each secondary substation and the Monte-Carlo simulation was used 
to estimate the occurrence probability of the voltage outside the predicted voltage 
range under various load uncertainty factors [77]. The summary of the results is 
presented in table 6.3.3. 
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Load Estimation  
uncertainty factors  Gamma 
PDF 
MINLCF _  MAXLCF _  
Probability of voltage 
outside the range  
-50 % / +400% 100% 100% N/A 
-50 % / +400% 75% 150% 1.62 - 2.9 % 
-50 % / +400% 70% 170% 0.82 – 1.61 % 
-50 % / +400% 60% 200% 0.148 – 0.23 % 
-50 % / +400% 50% 400% 0 % 
 
Table 6.3.3 Summary of the results for voltage level probability analysis 
 
The Monte Carlo simulation has been designed to calculate the probability of the lower 
and higher voltage levels on a feeder against those obtained from the M-OSEPS using 
load and voltage estimation algorithms. For short feeders with a relatively low number 
of secondary substations a small number of large transformers, this probability was 
higher than for the long feeders with large numbers of small transformers. However 
even for these feeders with uncertainty factors of 75% and 150%, the likelihood does 
not exceed 3%. As expected, with the increase of the MINLCF _  and MAXLCF _  
coefficients, the probability of the voltage outside the predicted range decreases and 
falls significantly below 0.5 % for the load variation between 60% and 200%.  
 
The theoretical analysis presented above indicates that quality of the voltage profile on 
the feeder using algorithms implemented in the M-OCEPS is satisfactory. However to 
verify the simulation results the predicted voltage range is compared with real voltage 
measurements on the network in chapter VII. 
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6.3.9.  Output Files 
 
M-OCEPS produces three output files; load flow results, network characteristics with 
generation estimation and voltage headroom. The second and third output files can be 
customized by the user according to the requirements. The examples of these files are 
presented in appendices C-E. 
 
The load flow results file provides conventional steady state results of the analysed 
network. Information such as the load flow in each line, voltage, real and reactive 
power at each node, losses in the system, tap position of the transformers etc. are 
included. Additionally, any errors or problems and the number of iteration are 
reported. This information may used directly to analysis the system; other parameter 
can be calculated if required. Examination of the data in this format can be time 
consuming and very inefficient when hundreds or thousands steady states of the 
network are considered. To simplify and automate this process, network voltage and 
network characteristics with generation estimation and SuperTAPP n+ settings output 
files have been created. 
 
The network voltage output file contains all the information necessary to analyse the 
network from the voltage perspective in a comprehensible format. Data is presented in 
the table where each row corresponds to a time sample. The file contains information 
about the maximum and minimum voltage levels in the network and specify the nodes 
where these values occur. The voltage level at the substation busbars, effective voltage 
target for the AVC scheme as well as all the voltage biases are also listed. When the 
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operational voltage limits are specified, any violation of the limits and the nodes are 
highlighted and the voltage headroom calculated. Also, the additional data such as the 
voltage level at nodes specified by the user or minimum and maximum voltage level of 
a particular feeder can be incorporated.  
 
The information relating to the network characteristics, performance and operation of 
the SuperTAPP n+ scheme is presented in the third output file. Data in this file is used 
to estimate accuracy of the generation estimation technique as well as to select optimal 
settings for the scheme such as basic voltage target, LDC and generator voltage bias. 
The static load share ratio STE  and dynamic load ration DYE  are calculated in order to 
assess the precision of various estimation techniques, estimate possible errors and 
select the optimal settings.  
 
6.3.10.  Limitations of the Software 
 
The design and the nature of the algorithms implemented in the software impose a 
number of limitations to the network model and functionality. The first is associated 
with the load estimation and load distribution techniques used to estimate the possible 
voltage range on a feeder. This technique is suitable for the investigation of maximum 
and minimum voltage drops on the feeder for a specific feeder current measurement as 
well as at a selected node. However, it is not suitable for analysis of the voltage at 
number of nodes on the feeder and as a result it may not be used; for example in state 
estimation.  
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Another limitation of M-OCEPS is the fact that the load estimation technique can only 
be used for the radial operated networks. As the load estimation algorithms on the 
feeder rely on a single feeder current measurement and the scaling principle, it is not 
possible to use it for the feeders which are supplied from more than one source.   
 
The last identified limitation is the inability of the software to deal with lines 
connected in parallel. When parallel lines are detected they are replaced by an 
equivalent circuit and marked as such.  
 
6.4. Novel Voltage Control Scheme Based on Voltage Drop Factor 
 
The load estimation algorithm and the assessment of the voltage profile on the feeder 
used in M-OCEPS initiated a development for an innovative voltage control scheme 
using an Advanced AVC relay (SuperTAPP n+ platform), local measurements to 
estimate voltage drop on the feeders without generation and a single remote 
measurement on the feeder with DG at the point of connection.  
 
A network model of the system and historical data are used to determine the function 
representing the relationship between maximum possible voltage drop and current on 
the individual feeder which can be expressed as ( )Ef IV max∆ . From SCADA data, 
the maximum and minimum current values for each feeder in the network are 
identified. This data is then used to create input files such as the current value for each 
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feeder and changes from the minimum fImin, to the maximum fImax,  value in suitable 
steps.  
 
The network model and input file with feeder measurements data are linked to M-
OCEPS software and the simulation with relatively high load estimation uncertainty 
coefficients (for example %60
_
=MINLCF  and %175_ =MAXLCF ) is performed. The 
process to calculate maximum voltage drop on the feeders using M-OCEPS software is 
presented in figure 6.4.1. 
 
 
Figure 6.4.1 Flow chart of voltage drop factor calculation process 
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The results obtained for the simulation provide information about the maximum 
voltage drop on each feeder, maxV∆ , with respect to feeder current measurement EI . 
The graphs in the figure 6.4.2 show voltage drop characteristics for five feeders. 
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Figure 6.4.2 Relationship of the maximum voltage drop and the feeder current  
( )Ef IV max∆  
 
The voltage drop factor is defined as the estimated maximum voltage drop on the 
feeder with respect to feeder current measurement and is calculated as follows: 
 
max
,
V
I
VDF fEf ∆
=   (63) 
 
It can be noted that the relationship between the maximum voltage drop and feeder 
current is almost linear across the range of the feeder current values. As a 
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consequence, the voltage drop factor for individual feeders is also linear. The fVDF  
for the feeders presented in figure 6.4.2 is shown in the figure 6.4.3. 
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Figure 6.4.3 Voltage drop factor characteristics with respect to feeder current 
measurement for various feeders. 
 
As the voltage drop factor values are constant (or can be approximated to the constant 
value) they can be simply implemented into the advanced AVC relay. Along with the 
individual feeder current measurements, the expected voltage drop on the each feeder 
without DG can be estimated, and the minimum voltage level on the network obtained. 
The maximum voltage level on the network can be either; obtained by the direct 
voltage measurement at the point of connection of the DG and sent to the relay or by 
using generation estimation techniques, voltage rise estimation on the feeder and 
generation voltage bias as described in this chapter.  
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As no complex calculation or estimation is involved, the analysis can be performed 
within a voltage control relay such as SuperTAPP n+. The flow chart for the advanced 
AVC scheme based on the local feeder measurements to estimate minimum voltage 
level on the network and single RTU unit with communication link to provide 
information about maximum voltage level is presented in figure 6.4.5. 
 
 
Figure 6.4.5 Flow chart of the operation of the Advanced AVC relay based on 
voltage drop factors.   
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The proposed voltage control scheme can be described as the LDC method based on 
individual feeders. The main advantage of the scheme is that it can provide improved 
voltage control compare to LDC based on transformer current, particularly on the 
network with unbalanced load diversity between the feeders or with the heavily loaded 
part of the system [78] with minimum investment cost. It can also increase voltage 
headroom and, with a single remote measurement, significantly improve the ability to 
accommodate DG into the network. The efficiency of the scheme can be evaluated and 
accurate settings for the scheme can be obtained by the use of M-OCEPS software. 
Due to its simplicity the existing SuperTAPP n+ platform can be used for real network 
implementation of this scheme.   
 
The scheme can support multiple generation and future DG can be easily 
accommodated within the scheme. However, for each DG connected on a network, the 
dedicated RTU is required to provide voltage level information at the point of 
connection and generator output.  
 
The main disadvantage of the proposed scheme is that the settings of the scheme such 
as voltage drop factor values need to be revised periodically or when the significant 
change on a network occurs. If there is no major modification on a network, the 
revision should be carried out every two-three years to examine and, if necessary, 
reflect load increase.  
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6.5. Summary  
 
The principles of operation and characteristics of the active voltage management 
scheme SuperTAPP n+ have been presented in the first section of this chapter. The 
advantages and disadvantages of the scheme have been discussed and factors affecting 
the performance of the scheme illustrated. The generation estimation technique based 
on local measurements and static load ratio have been discussed and two new 
estimation techniques based on dynamic load ratio and constant power factors have 
been introduced. The accuracy, differences as well as network implementation of  all 
three methods have been analysed.   
 
Before any active voltage management technique is used to improve the voltage profile 
on the network or to increase voltage headroom in order to accommodate DG, a 
detailed analysis of the network must be carried out. Also, the proposed active voltage 
control schemes should be evaluated with respect to its ability to increase network 
capacity, efficiency and accuracy. With the purpose of providing an efficient tool for 
voltage network analysis and assessment tool for the SuperTAPP n+ scheme the M-
OCEPS software has been developed.    
 
The main functionality of the M-OCEPS simulation software is its capability to 
incorporate network measurements and exploit available information of the analysed 
network using innovative algorithms for load and voltage profiles on distribution 
networks. This significantly increases the accuracy of the network analysis and 
provides higher confidence in the achieved results.  
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The simulation results of the voltage profile indicate the possible voltage range on the 
feeder at the measured feeder current and specify uncertainty coefficients MINLCF _  and 
MAXLCF _ . By applying higher values of the uncertainty coefficients, the probable 
voltage range is increased and, at the same time the confidence that the voltage profile 
on the feeder is within this voltage range. On networks supplying load customers only, 
the maximum voltage drop on each feeder can be assessed and the node where this 
condition occurs, identified. Additionally, minimum and maximum voltage levels at 
any node on the feeder can be determined if required. On networks with DG, this 
technique allows the evaluation of possible voltage rise at the point of connection, and 
maximum voltage drops on all feeders. 
 
The network implementation of the SuperTAPP n+ scheme and preceding network 
analysis using M-OCEPS are presented in chapter VII.  
CHAPTER VII SUPERTAPP N+ SCHEME FIELD TRIAL IN EDF ENERGY NETWORKS 
 164 
Chapter VII SuperTAPP n+ Scheme Field Trial in EDF 
Energy Networks 
 
EDF Energy Networks is one of the largest distribution companies in the UK servicing 
three licensed networks LPN, EPN and SPN covering Central London, the East of 
England and the South East of England, respectively. As a DNO, EDF Energy 
Networks is responsible for the operation, design, maintenance and development of its 
networks in an efficient and cost effective way in order to comply with UK legislation 
and conditions as specified in the distribution licence agreement [17]. EDF Energy 
Networks is also obliged to formally assess all requests for load and generation 
connection to its networks [83]. A significant increase in the number of connections of 
the latter has been seen as more and more energy in networks areas operated by EDF 
Energy Networks is becoming available from small and medium size energy sources 
such as landfill gas, wind turbine or CHP.  
 
Reductions in network losses, greenhouse gas emissions, lower energy costs and 
deferment of network reinforcement are examples of the numerous potential benefits 
from the connection of distributed generation to the network. However, it is widely 
recognised that the connection of generation into the distribution network can be 
challenging. Typically, power factor, voltage regulation, fault level and network 
capacity are technical factors constraining the accommodation of DG in distribution 
networks [79]. 
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In order to encourage DNOs such as EDF Energy Networks to develop and apply 
novel techniques with regard to the operation, design and future development of the 
distribution networks, Ofgem have introduced two incentive schemes; the IFI and 
RPZ. EDF Energy Networks actively participate in these schemes with a portfolio of 
projects to improve the efficiency of its networks, security and quality of supply as 
well as to reduce the cost of DG connections [80]. 
 
As a part of the IFI scheme a collaborative project between Brunel University and EDF 
Energy Networks has been established to investigate performance of the existing AVC 
schemes in networks with DG and to investigate existing active voltage regulation. M-
OCEPS with a SuperTAPP n+ model has been developed to provide an assessment 
tool for voltage analysis of distribution networks. Additionally, a SuperTAPP n+ field 
trial has been set up on the EDF Energy Networks system in order to verify this 
simulation software and to analyse the performance and effectiveness of the scheme. 
 
In the following chapter the network results from the SuperTAPP n+ trial are 
presented. These results along with additional network measurements are used to 
verify accuracy of the results as obtained from using the simulation software.  
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7.1. SuperTAPP n+ Field Trial 
 
The SuperTAPP n+ trial has been set up in the EDF Energy Networks distribution 
network at a primary substation in the south of England in the Crawley area. This 
network is referred in this thesis as Network A.  
 
7.1.1.  Network A Characteristics 
 
The substation consists of three 132/11 kV transformers, 30 MVA each. Two are 
operated in parallel and the third is used as the standby unit in the event of a 
transformer outage. The existing AVC scheme is a master-follower method operating 
at fix voltage target of 101%. The substation supplies a medium sized town and the 
surrounding area via thirteen 11kV feeders. At a remote point on the network, five 
units of DG are installed with the total capacity of 5 MW. Under normal network 
configuration the DG is fed from feeder 3, however an alternative connection can be 
provided through feeder 1 or 4. A simplified diagram of the network is presented in 
figure 7.1.1. 
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Figure 7.1.1 Simplified diagram of Network A 
 
Taking into account the existing networks infrastructure and voltage control techniques 
used in EDF Energy Networks, it is recommended that the generation can be 
connected into the network if the connection of the generator does not result in a 
voltage rise along the HV feeder to the point of connection of the generator of more 
that 2% [81]. Preliminary analysis of Network A has shown that this limit can be 
significantly exceeded when the generator exports its maximum capacity of 5 MW. 
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As an alternative to network reinforcement in order to remove the voltage constraint, 
the innovative scheme has been installed local to the generator. The scheme was 
designed to measure the voltage at the point of connection and send signals to the 
generator to reduce its output if the operational voltage limit is reached and disconnect 
the generator if the statutory limit is reached [80]. 
 
Although, the scheme allowed connection of the generation and ensured that voltage 
level at the point of connection was maintained within the statutory limits, the 
generator suffered from intermittent export restrictions and experienced numerous 
over-voltage trips. Moreover, additional generation is being considered which would 
increase generator output from existing 5 MW up to 7 MW.  
 
In order to improve the network capacity, accommodate existing generation and 
provide voltage headroom for the proposed increase in generation, a co-ordinated 
voltage control scheme at the primary substation with an over-voltage protection 
scheme at the point of connection of the generator has been proposed.  
 
7.1.2.  SuperTAPP n+ Scheme Implementation 
 
The novel SuperTAPP n+ scheme was identified as a feasible and cost effective 
solution that could overcome voltage issues in the network and thus increase the 
network capacity to maximise the output of the DG. As the SuperTAPP n+ scheme is a 
novel technology, the trial has been designed to test the scheme as well as to obtain 
expertise and confidence with its performance and to provide evidence of the 
effectiveness of the scheme in distribution networks with DG and voltage issues.  
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In this instance the scheme consists of three SuperTAPP n+ relays, one for each 
transformer, which control the OLTC and the voltage target at the 11kV busbars. It 
also includes three additional feeder current measurements, on feeders 1, 2 and 3, in 
order to estimate the output of the DG and to provide information about the system 
load share between the feeders. The arrangement of the SuperTAPP n+ scheme at 
Network A is shown in figure7.1 2. 
 
 
Figure 7.1.2 SuperTAPP n+ installation at Network A 
 
The installation of the scheme has been designed to allow three modes of operation of 
the SuperTAPP n+. In the first mode SuperTAPP n+ is disconnected and the existing 
AVC scheme controls the voltage. The second is the off-line monitoring mode where 
the existing AVC scheme is still in control, however the SuperTAPP n+ relays are 
powered up and monitoring all voltage and currents measurements and indicate the 
action that would be performed if the devices were fully on-line. In the third mode the 
SuperTAPP n+ scheme is controlling the voltage at the substation busbars.   
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Three stages of the trial were planned. The first stage was to set SuperTAPP n+ in 
monitoring mode in order to collect and analyse the data. This stage was designed to 
confirm the reliability and consistency of the scheme as well as the accuracy of the 
generation estimation technique. During the second stage the SuperTAPP n+ scheme is 
switched into control mode, however, the same settings as the existing AVC scheme 
are applied. This will allow the new scheme to control voltage at the substation and 
compare the operation with the existing AVC scheme. The final stage is to set up 
SuperTAPP n+ scheme to utilise the generation estimation technique and optimise the 
voltage profile on the network.  
 
As the system is based only on local measurements and estimation techniques, 
additional measurement equipment was temporarily installed to provide essential 
information about the state of the network. Smart meters were installed at the point of 
the DG to provide real and reactive power export/import and voltage. These readings 
in conjunction with measurements from the SuperTAPP n+ relays are then used to 
evaluate the accuracy and efficiency of the scheme and verify the simulation results 
obtained from M-OCEPS assessment software. 
 
7.1.3.  M-OCEPS Network Model and Initial Results 
 
Data from the GIS system, DMS, Eclipse database and GROND load flow software 
have been used in combination to create an accurate network model of the Network A 
for M-OCEPS. The parameters of the lines and cables such as type, diameter, length 
etc. have been obtained from the GIS system to specify the resistance and reactance of 
CHAPTER VII SUPERTAPP N+ SCHEME FIELD TRIAL IN EDF ENERGY NETWORKS 
 171 
the branches. The DMS has been used to determine the connections between nodes and 
the arrangement of the system. Ratings and maximum demand of the distribution 
transformers have been extracted from the Eclipse database and GROND.  
 
The M-OCEPS model of the Network A consists of 510 nodes, including 302 PQ 
nodes and one generation node at which 5 MW of DG is connected (node 325 on 
feeder 3). The 132kV busbar is assumed to be infinite bus representing the rest of the 
network and is designated as the slack bus in load flow analysis.  
 
Historical SCADA data and the network model have been used to examine the voltage 
profile in the network A and identify nodes where potential voltage violations can 
occur. A voltage level below the statutory limit can occur at the end of the most 
heavily loaded feeder (node 380) and at the end on the feeder with DG (node 333). 
Deviation of the voltage level above the upper voltage limit can occur at the PCC 
(node 325) and at the neighbouring load node (321).  
 
The voltage monitoring equipment was installed at these points on the network and at 
node 196 close to primary substation as shown in figure 7.1.1. These voltage 
measurement units were placed at the critical points in the network in order to verify 
the voltage profile. 
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7.2. Network A – Field Trial Results 
 
In the off-line field trial the SuperTAPP n+ scheme was operating in monitoring mode. 
Data such as feeder and transformer currents, generator current injection, voltage at the 
substation and at the strategic points on the system were collected. The data are used to 
estimate the load profile and load share between the feeders, calculate the STE  factor 
and investigate the accuracy of the generation estimation. The result obtained from the 
simulation analysis is then compared with the network measurements. The assessment 
tool is also used to determine the optimal setting for the SuperTAPP n+ scheme at 
Network A.  
 
7.2.1.  Load Ratio STE  Estimation  
 
Due to the fact that the generator output estimation technique in SuperTAPP n+ is 
based on the STE  factor it is necessary to investigate load profiles in the network with 
respect to errors under various load conditions. In a network with existing generation, 
calculation of the STE  factor can be problematic as the feeder current measurement 
does not correspond to the load on the feeder.  
 
To calculate the actual load ratio STE  on the Network A, M-OCEPS assessment 
software together with the feeder current measurements and generator output data were 
used. The graphs in figure 7.2.1 show the STE  factor over a one week period. The 
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black line represents simulated load ratio while the red line illustrates the load ratio 
based on the trial measurements [63]. 
 
 
Figure 7.2.1  Comparison between simulated and measured EST factor. 
 
It can be noted that the simulation results adequately represent the network conditions 
and that the graph can be used to determine the STE  setting for the scheme. A 
discrepancy between simulated and network values is caused by the load power factor 
which in simulation was assumed to be 0.96 but the actual load power factor on the 
network was 0.98-0.99. 
 
 In the case presented in figure 7.2.1, the most suitable load ratio setting for the 
SuperTAPP n+ generation estimation is 0.14. It can be observed that the 0.14 load 
ratio value is in the middle of the EST factor variation range and provides the most 
accurate generation estimation under various load conditions throughout the year.  
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7.2.2.  Generation Output Estimation  
 
As is shown in the figure 7.2.1 STE  factor is fluctuating caused by the load profile on 
the feeder with the DG not always following the exact pattern of the reference load 
profile. It was pointed out in chapter VI that any deviation of the STE  factor from the 
setting value of 0.14, produces an error in the calculation of the generator output.  
 
The active and reactive power measurements from the smart meter installed at the 
point of connection are used to estimate generator estimation accuracy of the 
SuperTAPP n+ trial and to evaluate precisely the simulation prediction of the scheme 
performance. A comparison between the estimated and measured generator output is 
represented by the graphs in figure 7.2.2.  
 
Figure 7.2.2  Comparison between estimated and measured generator output 
 
CHAPTER VII SUPERTAPP N+ SCHEME FIELD TRIAL IN EDF ENERGY NETWORKS 
 175 
The simulation results match the SuperTAPP n+ relay calculations of generator output 
which are shown by the green and blue lines respectively. The estimated value of the 
generator output is satisfactory as it always corresponds with the measured value (red 
line) within the tolerance of +/-20%. However, these discrepancies, caused by the 
fluctuation of the STE  factor, results in an error of generation output estimation thus 
affecting of performance of the SuperTAPP n+ scheme. This error is represented by 
the light blue line in figure 7.2.2 and influences the generator voltage bias and LDC 
calculations. As a result the voltage target contains an error which needs to be taken 
into account in the setting selection of the scheme.  
 
7.2.3.  SuperTAPP n+ Optimum Settings Determination   
 
It has been shown in previous sections that M-OCEPS with the SuperTAPP n+ model 
correctly represents the actual performance of the scheme. Thus, this assessment 
software can be used to select appropriate settings of voltage target, LDC, generator 
voltage bias etc. and so optimise the performance of the SuperTAPP n+ scheme for 
Network A. Historical SCADA data for the last two years has been used to investigate 
performance of the SuperTAPP n+ scheme under various load and generation output 
conditions on the network. The voltage drop on each feeder, the voltage rise at point of 
connection of the DG, accuracy of the generation estimation have been studied to 
ensure that the voltage profile on the network is maintained within the operational 
limits of ± 4% as required for active voltage control scheme. These operational voltage 
limits have been determined as described in chapter V section 3.6. An exception in the 
operation voltage limits is node 325 where 6% voltage rise is acceptable by the 
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generator. In contrast, as discussed in section 7.1.1, only 2% voltage rise at the PCC 
was allowed if standard voltage control scheme is used. 
 
Considering the above conditions and operational voltage limits, it has been estimated 
that the optimum performance of the SuperTAPP n+ scheme under existing network 
conditions is achieved with an STE  factor of 0.14, an LDC voltage bias settings of 3 
%, a generator voltage bias setting of 2 % and a voltage target of 99%. The aggregated 
value of generator voltage bias and LDC voltage bias corresponds to the required 
change in the voltage target as shown in figure 7.2.3. 
 
 
Figure 7.2.3 Generator voltage bias, LDC voltage bias and aggregated voltage bias 
in the scheme. 
 
The generator voltage bias, shown by the red line in the figure 7.2.3, is applied in 
proportion to the estimated generator output, as indicated in figure 7.2.2. The 2% 
setting specifies the required voltage reduction when the generator is producing its 
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maximum output. For the period presented in figures above, the time generator is 
usually exporting 3 MW and a voltage bias of approximately 1.2% is applied. When 
the generator output drops to 2 MW, the voltage bias is reduced to 0.8%.  
 
In the SuperTAPP n+ scheme LDC is applied in proportion to the true load on the 
substation and is not affected by the varying generator output. This can be observed by 
analysis of LDC characteristic in figure 7.2.3. The peak load at the substation in 
December is close to the maximum demand and an LDC of 3% is applied despite the 
fact that the generator is exporting power into the network.  
 
The aggregated value of the LDC and the generator voltage bias relate to the effective 
voltage change from the basic voltage target and is shown in figure 7.2.3 as the green 
line. With the provision of these biases the SuperTAPP n+ relay calculates the required 
voltage target to optimise the voltage profile in the Network A.  
 
It can be observed from figure 7.2.3 that, when generator tripped on 17th December at 
15:00 pm the aggregated voltage bias is equal to LDC, as the generator voltage bias 
was equal zero. 
 
An example of the simulation results for five days in December is shown in figure 
7.2.4 and indicates that with these settings the SuperTAPP n+ scheme will maintain 
the voltage on the network within the operational voltage limits. At these heavy load 
conditions the minimum voltage level is expected to remain above 0.96 pu. and below 
1.04 at the point of connection and neighbouring nodes.  
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Figure 7.2.4 Maximum and minimum estimated voltage for SuperTAPP n+ 
operation in Winter. 
 
7.3. M-OCEPS Voltage Estimation Accuracy 
 
The simulation results presented in the previous section have been obtained from M-
OCEPS using load estimation and voltage estimation algorithms. These algorithms, as 
has been described in chapter VI, enable an estimation of the maximum and minimum 
voltage on the network and the voltage range at the specific nodes. In order to validate 
the accuracy of these estimates, data collected during the first stage of the SuperTAPP 
n+ trial is used. The voltage measurements at a specific point on the network are 
compared with the corresponding voltage ranges obtained from the simulation.  
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The voltage target recorded by the SuperTAPP n+ relay is used in the simulation as the 
voltage target for the AVC to recreate the voltage profile on the substation busbars.  
The measured voltage and simulated voltage at the 11 kV busbar is indicated by the 
red and blue lines and shown in figure 7.3.1. 
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Figure 7.3.1 Measured and simulated voltage at the substation busbars 
 
The load on each feeder is scaled according to the feeder current measurement using 
the load estimation algorithm with uncertainty factors of 50% and 150 % for MINLCF _  
and MAXLCF _  respectively.  The minimum and maximum voltage levels at two nodes, 
380 and 325 are determined and compared with measurements from the voltage 
recording units. The results are presented in figure 7.3.2 for node 380 and in figure 
7.2.3 for node 325.  
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Figure 7.3.2 Estimated voltage range versus measured voltage at node 380  
 
Node 380 corresponds to a distribution substation located at the end of feeder 1. This 
point on the network has been identified as the node where the lowest voltage level 
occurs most frequently and is monitored during the SuperTAPP n+ trial. The voltage 
profile recorded at this node is shown in figure 7.3.2 by the red line. The predicted 
voltage range obtained from M-OCEPS for the same period is indicated between two 
blue lines. 
 
It can be observed that the recorded voltage at any time stays within the estimated 
voltage range. However, under heavy load conditions, the voltage at node 380 is close 
to the bottom of the range and during the night is closer to the top range. This indicates 
that the load distribution on the feeder does not follow the same pattern as estimated 
by the M-OCEPS algorithm, however, it shows that the uncertainty coefficients were 
selected correctly for the feeder load class. 
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A similar characteristic of the recorded voltage with respect to estimated voltage range 
can be observed at node 325 and is presented in figure 7.3.3. This node is the point of 
connection of the generator and in the normal network configuration is fed from feeder 
3.   
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Figure 7.3.3 Estimated voltage range versus measured voltage at the point of 
connection of DG at node 325  
 
The possible voltage range at this node is also estimated accurately. However, due to 
the fact that this feeder supplies a number of industrial and commercial loads, the 
voltage is closer to the acceptable limits, sporadically exceeding by a small percentage 
the lower and upper limits. In order to increase the confidence of the predicted voltage, 
the uncertainty factors can be increased as described in section 6.3. However, the 
increase in of the MINLCF _  and MAXLCF _  factors in the load estimation algorithm 
reduces the utilisation of the available voltage headroom in the network.  
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An investigation into the voltage measurements on the network A and the estimated 
voltage ranges from M-OCEPS using the load estimation algorithm with the results 
presented above, provide evidence that the voltage profile obtained from the 
simulation is correctly evaluated and can be used for the network voltage profile 
analysis. Moderate settings of the uncertainty factors give adequate accuracy and do 
not compromise utilisation of the available voltage headroom in the network. 
 
7.3.1.  SuperTAPP n+ Effectiveness  
 
When a request to connect the distributed generation to the network is being 
considered, M-OCEPS software can also assist with the estimation of the amount of 
the generation that can be accommodated when the existing AVC scheme is used and 
quantify the benefits and additional capacity on the network that can be achieved when 
a more active coordinated voltage control is used.  
 
It has been stated that a maximum generation of 4 MW can be connected at node 325 
in network A with the existing voltage control scheme. M-OCEPS has been used to 
evaluate the maximum amount of the DG which can be accommodated using 
SuperTAPP n+ scheme in the network. Taking into account that a voltage rise at the 
point of connection of the generation cannot exceed 6% and that the rest of the 
network needs to be maintained within operational voltage limits of ± 4%, the voltage 
profile on the network using historical data, the accuracy of the SuperTAPP n+ scheme 
with the settings as presented in the pervious section have been investigated.  
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The results indicate that the voltage headroom for an additional 3 MW of generation 
can be achieved in network A with the advance SuperTAPP n+ scheme based on local 
measurements. An example of the predicted voltage profile in the network while a 
SuperTAPP n+ scheme is controlling the primary substation busbars voltage is 
presented in figure 7.3.4. 
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Figure 7.3.4.  Voltage profile and voltage margins on the network A with 7 MW of 
DG.  
 
The graphs show the estimated maximum and minimum voltage levels in network A 
when 7 MW of generation is connected at node 325. It can be noted that the 
SuperTAPP n+ scheme can maintain the voltage profile within the operating limits of -
4 % and +6% at the PCC. However, it can be also observed that occasional restrictions 
of the generation, due to unacceptable voltage rise, may occur. Nevertheless, a 
significant improvement of the network utilisation is achievable and export capacity of 
DG can be increased by an additional 3 MW. 
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7.4. Summary of the SuperTAPP n+ Field Trial and Simulation 
Software  
 
The SuperTAPP n+ trial in EDF Energy Networks has provided a number of benefits. 
Firstly, it enables a better understanding of distribution networks, feeder load 
distribution and voltage profiles, the AVC scheme performance and voltage headroom 
availability while accommodating distributed generation. Secondly, it a confirmed the 
operation of the new co-ordinated voltage control scheme SuperTAPP n+. On 
successful completion of the first off-line stage of the field trial, which proved the 
reliability and consistence of SuperTAPP n+ scheme functionality, the scheme was 
switched into on-line control and has been in operation since November 2008. Initially 
the scheme was controlling the voltage at the primary substation with the settings 
necessary to replicate performance of the existing AVC scheme. It has been observed 
that the new scheme is more accurate and that the basic voltage target can be reduced 
to optimise the voltage profile on the network. The results of operation of the 
SuperTAPP n+ scheme with the revised voltage target of 100% are shown in figure 
7.4.1.  
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Figure 7.4.1 SuperTAPP n+ scheme controlling the voltage in Network A 
 
As it can be observed in figure 7.4.1, the SuperTAPP n+ scheme has given more 
accurate voltage control at the primary substation and the reduced voltage target has 
improved the voltage profile at the PCC represented by green line on the graph. This 
allowed generator to export power into the network without interruption. For this 
reason and the fact that the generator is currently exporting up to 4 MW, the advanced 
functionality of the SuperTAPP n+ scheme has not yet been implemented. The voltage 
level at the point of connection is currently satisfactory, as shown in figure 7.4.1. 
However, it is continuously monitored by the smart meters that have been deployed at 
the site, and any voltage violation is reported. The advanced functionality of the 
SuperTAPP n+ scheme is expected to be applied when the generator increases its 
output and/or the voltage level becomes unacceptable.  
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Finally, the SuperTAPP n+ trial in Network A and the data collected during the trial 
has allowed the verification of functionality and accuracy of the M-OCEPS simulation 
software. It has been shown that the load and voltage estimation algorithms provide 
satisfactory results that are consistent with real network measurements. It has also been 
confirmed that the M-OCEPS simulation tool with the SuperTAPP n+ model can be 
used to evaluate the suitability of a scheme in a particular network and determine the 
most accurate settings. Additionally, the software can be used to analyse the voltage 
profile of a network, evaluate available voltage headroom and the maximum amount of 
generation that can be connected to the network using the SuperTAPP n+ scheme.  
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Chapter VIII Active Voltage Control Schemes Comparison 
 
In the previous chapter the SuperTAPP n+ scheme field trial in EDF Energy Networks 
has been discussed. The results from Network A field trial and the simulation results 
based on network data were presented, demonstrating functionality of the advanced 
voltage control scheme based on local measurements and a simulation tool for voltage 
analysis in distribution networks with DG and SuperTAPP n+ scheme assessment. 
 
Another innovative active voltage control scheme that has been deployed in EDF 
Energy Networks is GenAVC [59]. This scheme is based on a local voltage controller 
with state estimation as described in section 5.7 of this thesis. In addition, as a result of 
the collaborative project between EDF Energy Networks and Econnect Ventures, the 
GenAVC assessment software was developed to provide an indication of scheme 
efficiency in a particular network [80], [82].  
 
In this chapter the GenAVC trial installation in Network B is firstly presented and the 
GenAVC assessment tool is also described. Moreover, the data from both the 
SuperTAPP n+ and GenAVC field trials together with the assessment tools are 
critically evaluated with regards to the various coordinated voltage control schemes as 
discussed in chapter V. The effectiveness of the schemes in terms of DG 
accommodation and utilisation of the available voltage headroom in the network is 
analysed and results are presented in this chapter. The advanced voltage control 
schemes based on SuperTAPP n+ platform and the local voltage controller schemes 
CHAPTER VIII ACTIVE VOLTAGE CONTROL SCHEMES COMPARISON 
 188 
based on GenAVC with a various number of RTUs installed on the network with DG 
are critically evaluated and detailed results are presented.  
 
8.1. Network B Characteristics and GenAVC Installation  
 
The GenAVC scheme has been installed in the EDF Energy Networks in the south of 
England in the Brighton area. This network is referred to in this thesis as Network B. 
Network B is a rural network distributing electricity to a small town and the 
surrounding countryside. The load is supplied by a 33/11 kV primary substation. The 
substation consists of two 7.5/15 MVA transformers operating in parallel with three 
feeders from the common busbar, as illustrated in figure. 8.1.1. The landfill generation 
site, which is connected to feeder 1 at a significant distance from the primary 
substation at node 129, applied to increase output from 2 to 3 MW. Network analyses 
showed that, due to unacceptable voltage rise at the PCC, accommodation of an 
additional 1 MW export capacity required considerable network reinforcement.  
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Figure 8.1.1. Simplified Network B diagram 
 
As an alternative solution to the network reinforcement, the GenAVC scheme was 
installed in order to control the voltage profile on the network and to increase the 
network capability to accommodate 3 MW of DG. The scheme requires current 
measurements at each feeder within the substation and remote voltage and power 
output measurements at the generation site. The GenAVC installation at Network B is 
presented in figure 8.1.2. 
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Figure 8.1.2 The GenAVC installation at Network B 
 
With the provision of these measurements, the GenAVC scheme uses a state 
estimation technique in order to determine the voltage profile on the network and 
calculate required voltage target adjustment. This voltage target adjustment is then sent 
to the AVC relays in order to change the basic voltage target. In this manner GenAVC 
is able to maintain the voltage profile within operational limits.  
 
Taking into account the existing infrastructure of the network and the voltage control 
regimes, the operational voltage limits for Network B have been determined. The 
voltage on the network must be maintained within ± 3% at all nodes apart from the 
PCC node where +5.5% voltage rise is acceptable.  
 
Active network management of voltage in the form of GenAVC has proven to be an 
effective solution to maintain the voltage profile on the Network B within operational 
limits and allowing the DG to export 3 MW. The implementation of this solution was 
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at a lower cost when compared with conventional network reinforcement; however, 
additional operational costs are associated with it as the continuous communication 
link and data transfer need to be provided for its correct operation. Also, this 
communication link imposes some risk for operation of the GenAVC scheme and the 
ability of the generator to export power to the network. A failure of the link between 
RTU at the PCC and GenAVC scheme at the substation disables the active voltage 
control and generator output may be constrained for duration of a fault.  
 
8.2. GenAVC Assessment Tool 
 
 
EDF Energy Networks and Econnect Venture collaborated to develop a web-based 
assessment tool for the GenAVC. The assessment tool provides an indication of the 
available generation export that can be accommodated by the use of the scheme based 
on the network model and historical network data that is input. The GenAVC 
assessment tool produces graphs of the voltage headroom in the network that can be 
created by the scheme and voltage profiles on the feeders. These graphs show the level 
of the generation which could be reasonably accommodated when GenAVC is used 
[82]. 
 
In order to analyse the network voltage profile and available voltage headroom in 
network B, a model of the system has been created using EDF Energy Networks data 
bases and DMS information. The network model contains 237 nodes including 120 PQ 
nodes and one generation node 129 at which 3 MW of DG is connected. The 33 kV 
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busbar is assumed to be an infinite bus representing the rest of the network and is 
designated as the slack bus in the load flow analysis.  
 
Simulation results from the assessment tool confirm that the GenAVC scheme is able 
to accommodate 3 MW of generation at node 129 as shown in more detail in section 
8.3.1. In addition, it has been found that the node that violates the lower voltage limit 
most frequently is node 234 and the upper operational voltage limit is node of common 
coupling, node 129, and nearest to the PCC node 128. 
 
8.3. Coordinated Active Voltage Control Schemes Assessment 
 
The network trial results and field experience of the coordinated voltage control 
schemes in the EDF Energy Networks based upon SuperTAPP n+ as presented in 
chapter VII, and GenAVC as discussed above and presented in [82] are used to 
evaluate the efficiency of the proposed novel voltage management schemes in 
distribution networks with DG.  
 
Two software tools, M-OCEPS with SuperTAPP n+ model and GenAVC assessment 
tool, have been used to investigate the performance of both schemes and their ability to 
enable network capacity to accommodate DG for the two network case studies. Case 
study 1 is based on the network B and case study 2 is based on the network A. 
Network models, historical load data for the substation, feeder currents and existing 
generation outputs are used to analyse the performance of both the GenAVC and 
SuperTAPP n+ schemes. Additionally, any improvement in the utilisation of the 
available voltage headroom by the use of the RTUs in the GenAVC and advanced 
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voltage control scheme based on SuperTAPP n+ platform is investigated and 
quantitative results are presented.  
 
In both case studies, in order to ensure that all LV customers are kept within the 
statutory voltage limits, the operating voltage limits for the 11 kV networks have been 
estimated and standardised. All MV nodes need to be maintained between 0.97 and 
1.03 pu. The only exception is the generation point of connection where 6% voltage 
rise is permitted. Simulation analysis along with real voltage measurements from the 
network have been used in order to locate strategic points in both networks for the 
limits of voltage control. These points are nodes where violation of the voltage limits 
occurs most frequently, nodes with DG, or nodes close to the PCC. These nodes also 
indicate where additional measurement units or RTUs should be installed in order to 
increase the efficiency of the scheme. 
 
8.3.1.  Case Study 1 - Network B  
 
The aim of this case study is to estimate the performance of both schemes and their 
ability to provide network capacity in the rural distribution network. The objective of 
the analysis is to maximize output from the existing generation site connected at node 
129 under varying load conditions throughout the year.  
 
An example of daily load profiles for this substation is presented in figure 8.3.1. It is 
important to note that even with DG capacity above 1 MW in summer and 2MW in 
winter, reverse power flow at the primary substation is possible.  
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Figure 8.3.1 Daily load profile for case study 1 
 
The network infrastructure and load conditions constrain DG to a maximum capacity 
of 2 MW when a standard AVC scheme is used, due to unacceptable voltage rise at the 
PCC. In order to support higher DG capacity, innovative voltage control techniques 
need to be applied.  
 
Firstly, the GenAVC scheme is tested with a single RTU at the PCC and then with 
additional RTUs using the GenAVC assessment tool. Then, the SuperTAPP n+ 
simulation software results are used to investigate the performance of the scheme and 
how the network characteristics affect its operation.  
 
8.3.1.1. GenAVC Performance 
 
The graph in figure 8.3.2 shows the estimated voltage profile of the network as 
operated by GenAVC within +/– 3% voltage limits. The error bars around the mean 
value are an effect of the state estimation process and indicate the range of possible 
voltage values. Based on these results, the algorithm calculates the voltage headroom 
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in the network that can be provided for the additional amount of DG. 
 
Figure 8.3.2.  Network voltage profile of the study case 1 controlled by GenAVC 
 
The graph in figure 8.3.3 shows the assessment results for one week in summer. The 
red line indicates the available voltage headroom in the network with the existing 3 
MW of the DG and the area below the line suggests the available generation capacity. 
It can be noted that for the most of the time GenAVC is able to accommodate an 
additional 0.5 MW of DG as shown by the green line. 
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Figure 8.3.3 Voltage Headroom and available generation capacity with GenAVC 
 
A corresponding simulation has been performed for a complete year in order to 
investigate GenAVC performance under various load conditions. The results show that 
GenAVC is able to increase network capacity to accommodate 3.5 MW of DG. 
However, for approximately 15 % of the time the generator needs to be restricted to 3 
MW at a time when the system cannot create enough voltage headroom in the network. 
These periods can be observed on figure 8.3.3 when red line, related to the available 
voltage headroom is below green line indicating required voltage headroom for 3.5 
MW of DG export.  
 
The performance of the scheme can be significantly improved by an additional voltage 
measurement at node 234 which most frequently limits the available voltage 
headroom. A second RTU here improves the state estimation process and consequently 
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enables the generator to increase its output from 3 up to a possible 5 MW as shown in 
figure 8.3.4. 
 
 
Figure 8.3.4  Voltage Headroom and available generation capacity for GenAVC 
with two RTUs. 
 
 
 
Using the GenAVC assessment tool, a study has been performed for the active voltage 
controller with DSSE. With a single RTU at the PCC (node 129) the scheme is able to 
accommodate about 3.5 MW of generation. With three RTUs placed at strategic points 
in the network, the DG output can be increased by up to 5 MW.  
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8.3.1.2. SuperTAPP n+ Performance  
 
SuperTAPP n+ simulation software has been used in order to investigate performance of 
the second active voltage control scheme on the same network. Firstly, appropriate settings 
for the relay have been calculated such as voltage target at the substation, EST ratio and 
generator and LDC voltage biases. Secondly, the maximum and minimum voltage levels 
in the network have been determined for the proposed export capacity of DG.  
The plots in figure 8.3.5 show the assessment of the performance of the SuperTAPP n+ 
scheme in network B with DG export capacity of 3 MW. 
 
 
Figure 8.3.5  Performance of the SuperTAPP n+ scheme for Network B 
 
 
The two lower plots correspond to the lowest predicted and the lowest possible voltage 
levels in the network respectively. The lowest possible voltage level is calculated using 
worst case load distribution scenario on the feeder. The topmost plot corresponds to 
the highest voltage level in the network. During the times when the latter is above 
Network B – Voltage Levels 
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upper voltage limit, the scheme is unable to provide sufficient voltage headroom and 
the generator must be constrained. Although the output of DG may be restricted 
occasionally during the one week that is presented in Fig. 8.3.5, the SuperTAPP n+ 
scheme provides enough network capacity to allow the generator to export 3 MW for a 
significant proportion of the time. Due to the fact that the operational voltage limits 
cannot be strictly applied in the scheme, as it has been described in chapter VI, both 
minimum and maximum voltage levels in the network need to be fully investigated in 
order to ensure that 3% voltage rise at the load customers connection points is not 
exceeded.   
 
The plots in figure 8.3.6 show the generator voltage bias and LDC voltage bias, 
represented by pink and black lines respectively. These biases are used in order to 
calculate the required voltage adjustment as illustrated by the blue plot. This value is 
then used to alter the voltage target of the AVC relay in order to maintain the voltage 
profile within operating limits.   
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Figure 8.3.6 Voltage target adjustment in SuperTAPP n+ scheme 
 
It has been discussed in chapter VI that the performance of the SuperTAPP n+ scheme 
is affected by the fluctuation of the EST factor, especially the calculation of the 
generation voltage bias. This is due to the fact that about 80% of the total load at the 
substation used for this study is supplied through the feeder with the generator, and it 
is difficult to verify the reference load profile for this feeder. Nevertheless, it is shown 
that the scheme accuracy is sufficient to support DG export of up to 3 MW as the 
voltage level on the network is maintained within the operational voltage limits and 
enough voltage headroom is provided for the output of DG.  
 
The performance of the advanced voltage control scheme based on SuperTAPP n+ 
platform with voltage drop factor and RRTUs has been also investigated using M-
OCEPS simulation tool. The simulation results showed that the scheme with one RTU 
unit at the PCC can accommodate 3.3 MW of export from the generator connected at 
Network B – Voltage biases 
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node 129. The scheme with three RRTUs on the network can accommodate 4.8 MW 
export of DG. The reason that the advanced relay with one RTU scheme is less 
efficient than the scheme based on local voltage controller with the same number of 
RTUs is due to the fact that maximum voltage drop occurs on the same feeder where 
the generator is connected. This makes the estimation of voltage drop more difficult 
and can create higher voltage errors. In order to ensure that voltage is maintained 
within the limits an additional safety margin must be applied to comprise these errors. 
As a result the efficiency of the scheme is reduced.  
 
8.3.2.  Case study 2 - Network A  
 
In this case study the same approach as in the previous case has been adopted to 
analyse the performance of GenAVC and SuperTAPP n+ schemes when installed in a 
much larger and more complex distribution network as shown in figure 7.1.1. The 
objective of the analysis is to determine the maximum output of DG connected at node 
325 that can be accommodated by the active voltage control scheme.  
 
An example of daily load profiles for this substation is presented in figure 8.3.7. It can 
be noted that the maximum load at this substation is 50 MVA and its profile varies 
significantly. Even with significant generation connected to the network at node 325, 
reverse power flow at the primary substation is not possible. However it should be 
noted that reverse power flow on feeder 3 is common.  
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Figure 8.3.7 Daily load profile for case study 2 
 
8.3.2.1. GenAVC Performance 
 
Figure 8.3.8 presents the results of the assessment of the GenAVC performance with a 
single RTU at the point of connection of DG of 5 MW. The system is able to control 
the voltage profile in the network so making it possible to accommodate an additional 
2 MW of export capacity from the existing generator without any predicted 
interruption of the generator operation. The additional generation that the scheme is 
able to support is marked by the straight green trace. 
 
CHAPTER VIII ACTIVE VOLTAGE CONTROL SCHEMES COMPARISON 
 203 
 
Figure 8.3.8  Voltage Headroom and available generation capacity with GenAVC 
 
The plots in figure 8.3.9 show voltage profiles obtained by the state estimation for the 
number of feeders in the system. 
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Figure 8.3.9  System voltage profile of the case study 2 controlled by GenAVC 
 
It can be seen from figure 8.3.9 that each of the feeders has a significant voltage 
uncertainty that limits the performance of the GenAVC scheme. In order to further 
increase the efficiency of the scheme a large number of additional RTUs need to be 
installed on each feeder that has high voltage drop and voltage error. With six 
additional RTUs on the network with and communication links to the controlling unit, 
the GenAVC scheme can support 3 MW of additional export capacity. 
 
8.3.2.2. SuperTAPP n+ Performance 
 
As is shown by the simulation results in figure 8.3.10, the SuperTAPP n+ scheme is 
able to accommodate 6 MW of DG for a significant proportion of the time whilst 
simultaneously maintaining the voltage profiles within operating limits. However, 
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there are times when the generator needs to be restricted due to an unacceptably high 
voltage levels at the PCC. 
 
Figure 8.3.10  Performance of the SuperTAPP n+ scheme for case study 2 with 6 
MW of DG 
 
The undesirable voltage rise at the PCC typically occurs under low load conditions 
when the generator output exceeds load demand on the feeder. Under such 
circumstances the voltage generation bias surpasses the load drop compensation bias 
and the SuperTAPP n+ scheme reduces the AVC voltage target. Consequently the 
voltage headroom for the DG export is increased as shown in figure 8.3.11 for one 
week of the scheme operation during the summer.  
 
Network A – Voltage Levels 
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Figure 8.3.11 Voltage target adjustment in SuperTAPP n+ scheme – Case 2 
 
In this case the SuperTAPP n+ scheme is able to support export capacity of the DG up 
to 6 MW with occasional limitations. However, most importantly, it can be observed 
that the scheme improves the voltage profile in the system with DG. The SuperTAPP 
n+ scheme maintains all customers within the operating limits and provides sufficient 
network capacity that allows existing generators to continue uninterrupted operation.  
 
Load flow simulation results indicate that an advanced AVC scheme with single RTU 
at PCC is able to support above 8 MW of DG export without any restraint of the 
generator under all load conditions. A further increase of the scheme efficiency can be 
achieved when additional RRTUs are installed on the network. In the configuration,  
where one RTU at PCC and five RRTUs at nodes where operation voltage limits are 
most frequently exceeded are installed, the advanced AVC scheme is able to 
accommodate up 8.6 MW of DG at node 325. 
 
Network A – Voltage biases 
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8.4. Summary  
 
Existing voltage control methods for MV networks do not provide sufficient support 
for DG and therefore novel schemes need to be employed in order to facilitate 
increasing amounts of DG. Fields trials and simulation results show that coordinated 
active voltage control schemes can be an efficient and cost effective solution.  
 
In case study 1 the network infrastructure and load conditions constrain DG to a 
maximum capacity of 2 MW when a standard AVC scheme is used. In order to support 
higher DG capacity, innovative voltage control techniques can be applied. The 
evaluation of the abilities of the voltage control schemes to increase network voltage 
headroom in this network are presented in figure 8.4.1.  
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Figure 8.4.1 Coordinated voltage control schemes effectiveness in case study 1 
 
Using the GenAVC assessment tool, a study has been performed for the active voltage 
controller with DSSE. With a single RTU at the PCC (node 129) the scheme is able to 
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accommodate about 3.5 MW of generation. With three RTUs placed at strategic points 
in the network, the DG output can be increased to 5 MW.  
 
The advanced AVC relay with local measurements only can support up to 2.9 MW of 
DG at node 129. With voltage drop factors functionality applied and a link to the RTU 
installed at PCC, the scheme effectiveness is increased to support 3.3 MW. When an 
RRTU is installed at the end of feeder 1 at node 234, the scheme can support a DG 
output of 4.8 MW. 
 
Simulation results from case study 2 as shown in figure 8.4.2 indicate that the local 
voltage controller is able to create voltage headroom to allow DG of 7.1 MW in a 
configuration with one RTU. However, in order to significantly increase the efficiency 
of the scheme, six additional RTUs need to be installed. This is due to the relatively 
large number of feeders and the fact that DSSE uncertainty on a feeder without 
measurement is very considerable, with the consequence that a high safety margin in 
the calculation of voltage target for the AVC needs to be applied. 
 
CHAPTER VIII ACTIVE VOLTAGE CONTROL SCHEMES COMPARISON 
 209 
7.1
7.5
8.5
7
6.1
3.8
8.5
0
1
2
3
4
5
6
7
8
9
Standard AVC Advanced AVC Advanced AVC
with 1 RTU 
Advanced AVC
with 1 RTU and
5 RRTU
Local voltage
controller with
DSSE 1 RTU
Local voltage
controller with
DSSE 4 RTU
Active voltage
controller with
DSSE 6 RTU
A
m
o
u
t o
f D
G 
su
pp
o
rt
ed
 
by
 
th
e 
Sc
he
m
e
 
[M
W
]
 
Figure 8.4.2 Coordinated voltage control schemes effectiveness in case study 2 
 
The advanced AVC scheme based on local measurements is able to increase network 
voltage headroom and support DG capacity of 6.1 MW. Using the advanced relay with 
voltage drop factors applied and a single RTU at the PCC, the voltage headroom for 7 
MW of the DG can be achieved. Installation of six RRTUs at the end of the most 
heavily loaded feeders and one RTU at the PCC allows an increased ability of the 
scheme to support DG of 8.6 MW.  
 
The advanced voltage control scheme based on the SuperTAPP n+ platform can be 
easily implemented within an existing infrastructure as it does not require additional 
equipment. It provides essential AVC functionality and offers the potential to increase 
network capacity if required. The efficiency of the scheme can be further improved by 
estimation techniques and the installation of RRTUs. Due to the fact that RRTUs send 
information to a relay by exception, the operational cost is relatively low.  
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An active voltage control scheme with DSSE is a very efficient tool to control voltage 
profile in a network with DG, however additional monitoring equipment and reliable 
communication is essential. In any specific network, additional investment and 
operational costs may be necessary.  
 
Computational models of AVC schemes and simulation analysis tools are critical to 
the performance and estimate errors of an AVC scheme in the distribution network 
under various load and generation output conditions. The load flow simulation 
software with the models of an advanced AVC scheme has been used to quantify the 
amount of DG which can be supported by the scheme.  
 
It is seen that innovative voltage control schemes, in both case studies, can 
significantly increase network capacity to accommodate DG, depending on which 
scheme is used and the number of remote measurements units installed. The capacity 
of DG that can be connected to the network, based on voltage constraint 
considerations, can be increased by 2.5 times compared to standard voltage control 
strategies. To achieve this goal, observability of the network needs to be improved and 
monitoring equipment installed.  
 
With the same number of RTUs, an active voltage controller with a DSSE scheme is 
able to support higher level of DG than an advanced AVC with RRTUs.  However, 
installation costs and operational costs of the latter are much lower, typically some 
20% of the former scheme. Reliability of operation of the scheme and its dependence 
on the remote measurements is another important issue which needs to be considered 
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in the process of scheme selection and design. Availability and consistency of 
communication infrastructure also needs to be assessed.  
 
For the selection of the most suitable active voltage control scheme, careful analysis of 
the voltage control of the network is required, including compatibility with existing 
practices, operational limit calculations, AVC scheme performance and availability of 
suitable communication infrastructures. This will ensure that the network is operated 
effectively and all customer supplies are maintained within the statutory limits.
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Chapter IX Conclusions and Suggestions for Future 
Research 
 
9.1. Rationale of the Thesis 
 
In order for the UK to be able to achieve future targets of electrical power generation 
from the renewable sources and meet the associated future energy demands without 
unaffordable investment costs, distribution networks must be operated more efficiently 
in the future. Such challenges for existing distribution networks are significant with 
regard to requirements for current and future research. Innovative technologies, 
simulation tools, accurate system models and efficient utilization of network data are 
required to be developed and employed in the distribution networks in order to help 
network operators improve design, development, operation and management of their 
systems.  
 
One of the main issues associated with the control of distribution networks is voltage 
management and parallel transformer operation. This is particularly problematic while 
DG is being connected on the network. A number of novel technologies have recently 
been proposed with the aim to improve voltage control in distribution network with 
DG and several network trials are currently at appraisal stage. However, in order to 
implement these techniques into the existing networks infrastructure and to efficiently 
utilise their capabilities a number of issues need to be analysed. Firstly, innovative 
voltage control techniques need to be assessed with regard to their suitability, 
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reliability as well as installation and operation costs. Secondly, suitable and effective 
simulation software is required in order to be able to select and apply the most 
optimum solution for a particular network under various load and generation 
conditions. Finally, their performances need to be validated and proved in the real 
network trials.  
 
The research project as presented in this thesis was initiated by the need to examine 
existing voltage control strategies in distribution networks and to investigate the 
potential of active voltage management techniques in order to make distribution 
networks more flexible and to be able to accommodate DG.  
 
9.2. Summary of Main Research Contributions 
 
The research presented in this thesis delivers a number of original contributions to 
knowledge. The contributions are summarised below.  
 
9.2.1. AVC schemes evaluation and computational model development  
A detailed review of the existing and potential AVC techniques for distribution 
networks revealed a lack of suitable mathematical models and available simulation 
software for analysis of commonly used voltage control schemes. This prompted the 
development of computational models and associated simulation tools to enable 
comprehensive analyses of the performance of AVC schemes in distribution networks 
with DG.  
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The computational models of AVC schemes such as NRC, true circulating current, 
TAPP and Enhanced TAPP have been developed and implemented into OCEPS load 
flow package. The simulation tool then has been used to evaluate their performance, 
limitations and suitability for networks with DG.  
 
As a result of development of these AVC scheme models, the impact of DG on a 
network can be evaluated, and potential errors in an AVC scheme performance 
estimated. The benefits of these tools is that simulation analyses are now more 
accurate and precise effects of a connection of DG can be forecasted with improved 
level of confidence. In this way the potential for violation of the statutory limits can be 
established in a more quantifiable manner.  
 
9.2.2. Development of simulation tool for effective analysis of distribution 
networks  
Due to the sparseness of network measurements, a lack of accurate load and generator 
output information on the medium and low voltage networks analysis of the system 
can be very ambiguous and for this reason it is usually based on the worst case 
scenarios. This significantly reduces possible utilisation of the available voltage 
headroom in the network and may restrict the connection of DG. 
 
This thesis enhances the existing tools currently used for the analysis of the voltage 
profiles on distribution networks with DG. Load modelling and voltage profile 
evaluation methods which have been developed and implemented into M-OCEPS 
software [37], [38], as discussed in chapter VI, enable a precise network voltage study 
to be carried out.  
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With the provision of historical SCADA data and available information from the 
DNOs’ data bases, this tool can be used to evaluate and fully utilise the functionality of 
active voltage control methods. Additionally, to achieve confidence in the results 
obtained from the M-OCEPS, modelling and simulation tools have been validated 
using real network voltage measurements, smart meter readings and trial data.  
 
The outcomes presented in this thesis demonstrate that the M-OCEPS simulation 
software produces realistic and accurate results and can be used as a tool for more 
precise voltage profile analysis in distribution networks with DG. As a result a network 
can be safely operated closer to their limits allowing more economical connection of 
DG and can accomplish more efficient design and utilisation of the system.  
 
9.2.3. Assessment tool for SuperTAPP n+ scheme  
One of the novel active voltage control schemes is SuperTAPP n+ and a number of 
trials have already been installed on the distribution networks in the UK. Thus, as the 
SuperTAPP n+ method is based on estimation techniques and assumptions of the load 
pattern, it is susceptible to certain errors and a detailed investigation of the network 
characteristics must be carried out to verify the acceptability of the scheme.  
 
In this thesis the functionality of the SuperTAPP n+ scheme [22] has been investigated 
and its performance validated. Also, in order be able to perform analysis of the 
suitability of the scheme in a particular network, a comprehensive assessment tool for 
the SuperTAPP n+ has been developed [63]. Novel computational tools with advanced 
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AVC models and SuperTAPP n+ functionality have been proposed and developed to 
analyse the potential application of the SuperTAPP n+ scheme in a variety of the 
distribution network scenarios.  
 
On the basis of the numerical results obtained for the specific systems that have been 
investigated in this thesis it is demonstrated that the M-OCEPS software can be used to 
determine scheme suitability and give accurate settings for the relay to accommodate 
DG in a voltage constrained system. 
 
A number of limitations of the SuperTAPP n+ scheme such as inaccuracy of the 
generation estimation algorithm in certain networks and load conditions have been 
observed and discussed in this thesis. The developed assessment tool allows to 
quantify these errors and select appropriate settings and safety margins to prevent any 
voltage excursions outside the operational voltage limits.   
 
9.2.4. Novel generation estimation algorithms and innovative voltage control 
scheme 
In order to improve estimation technique and performance of the SuperTAPP n+ 
scheme new algorithms have been proposed. The final contributions of the thesis are 
the development of novel generation estimation algorithms and an innovative active 
voltage control scheme.  
 
Due to the simplicity and operational functionality of these techniques they are suitable 
for implementation into an existing scheme such as the SuperTAPP n+. This enables 
the scheme to be implemented in networks with a wide variety of the network load and 
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generation conditions and most importantly it can provide significant improvement in 
network utilisation with regards to the increase of the amount of DG connected. 
 
9.3. Research Impact and Benefits to Industry 
 
Resulting from this research and industry interest, off-line and on-line network field 
trial were set up in part of the EDF Energy Networks distribution network using the 
SuperTAPP n+ scheme. Analysis of the SuperTAPP n+ scheme performance and 
recorded voltage measurements on the network has provided evidence that the scheme 
is able to adequately estimate the generator output and calculate the required voltage 
target in order to maintain the voltage profile within the limits and support DG output. 
The experience obtained during the SuperTAPP n+ trial has demonstrated the 
performance of design and its capability for future installations.  
 
Also, the analysis of the performance of GenAVC scheme and associated network 
voltage profile that was also performed as a part of this project has demonstrated that 
the scheme can accommodate additional generation without compromising the voltage 
profile on the network.  
 
A key outcome of this project is a set of practical guidelines for active network 
management analysis and selection of the most appropriate solution for specific 
voltage issues in distribution networks with DG. The guidelines aim is to assist a 
distribution network planning engineer with the choice of the most appropriate active 
voltage control scheme taking into account the efficiency, complexity, communication 
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requirement of the scheme and network infrastructure, estimated DG, operational 
voltage limits, investment and operational costs [48], [63]. 
 
The strategies and assessment tools for the active voltage control schemes developed 
in this thesis have enabled DNOs to use new technologies more confidently and 
therefore increase the utilisation of existing assets to provide a cost effective 
connection option for DG. Using these tools it will be possible to connect a greater 
amount of DG into the existing network infrastructure, thus contributing to the UK 
government’s strategy for the development of renewable energy sources as a 
proportion of UK’s total electrical power requirements [86]. 
 
9.4. Suggestions for Future Research  
 
The research conducted in this project can be taken further in a number of ways. 
 
When a study is carried out, the constantly changing nature of the power system 
requires significant computational effort to obtain simulation results for an active 
solution. Therefore, a future project should focus on the development of more efficient 
methods for load flows in radial networks to improve computation efficiency. This will 
reduce the time required to obtain results based on vast amounts of historical data. 
Also, in order to enhance the usability of the software, a more user friendly interface 
and visual result representation should be added to M-OCEPS. This will enable the use 
of M-OCEPS software in real time applications. In addition the adoption of emerging 
standards such as the common information model (CIM) for power system information 
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and data exchange will enable improved interoperability of computational tools across 
both distribution network planning and operation. Furthermore, the extensive 
deployment of improvements in robust, secure and scalable ICT infrastructure across 
distribution networks will support more coordinated voltage management schemes 
[84]. Finally, further improvement in the accuracy of state and load estimation 
techniques is required in to improve the operational visibility and assessment of AVC 
scheme performance [23]. 
 
Two new generation estimation algorithms have been proposed in this thesis and their 
accuracy has been proven based on two network case studies. However, additional 
testing of the generation estimation methods will enable the development of a more 
generic set of rules. Such rules may be used for selection of an appropriate scheme for 
various network arrangements, load and generation conditions.  
 
The AVC computational models and coordinated voltage control schemes proposed 
and developed in this thesis offer efficient tools for distribution networks analyses with 
regard to active voltage control. A future project could investigate implementation of 
these techniques into general active network management system for distribution 
networks [87]. This can benefit from improved voltage control and more accurate 
assessment of the ANM in distribution networks with DG. Additionally results from 
the case studies presented in this thesis can contribute to a novel voltage control 
systems such as approach based on case base reasoning [85]. 
 
As mentioned previously, one contribution is the development of the advanced AVC 
scheme that can be implemented into the SuperTAPP n+ platform. An expected action 
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will be the practical application and testing of this potential solution. An advanced 
AVC scheme trial in a real network with a various combinations of RTUs and RRTUs 
should confirm the simulation results presented in this thesis.  
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Appendices 
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Appendix B – SCADA Data Input File 
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Appendix E – Voltage Headroom Output File 
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